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ABSTRACT
In  order to understand f u l l y  and p re d ic t  a ccu ra te ly  the 
behaviour o f tra n sfe rre d  e le ctro n  devices in  m a te ria ls  l i k e  GaAs 
an exact knowledge i s  req u ired  o f both the stru ctu re  o f the 
conduction band and o f  the magnitude o f  the in t e r v a lle y  param eters.
High pressure techniques provide a powerful to o l fo r  the study o f 
these parameters and d e t a ils  o f  th e ir  a p p lic a t io n  are described  in  
t h is  th e s is .
Under pressure  d if fe r e n t  band edges move in  energy at d if fe r e n t  
ra te s g iv in g  r i s e  to e le ctro n  tra n s fe r  between sta te s  which leads to 
in form ation  about the r e la t iv e  stre n g th s o f the va rio u s s c a tte r in g  
p rocesses. By e x tra p o la t io n  back to atmospheric p ressure  the normal 
p o s it io n  o f the v a rio u s  s ta te s  in  energy and k-space may be obtained.
The band stru ctu re  o f  germanium a t h igh  pressures becomes s im ila r  to 
that o f s i l i c o n  a t atm ospheric p re ssu re , making A^c minima a c c e s s ib le  
to d ir e c t  e le c t r ic a l  in v e s t ig a t io n .  Here the temperature dependence 
o f the e lectro n  m o b ility  has been measured in  both the L^c and A^c 
v a lle y s  o f  germanium. The m o b ility  was found to va ry  w ith  the
c h a r a c t e r is t ic  T " 1*5 temperature dependence t y p ic a l o f  a co u stic  
deformation p o te n t ia l s c a t te r in g . On the other hand the A^c e lectro n  
m o b ility  was found to va ry  from -  800 cm2v “ 1s “ 1 at room temperature 
to -  6400 cm2v -1 s -1 at 120K, corresponding to a temperature dependence 
o f T 2 ‘ 7, s im ila r  to th at in  s i l i c o n .  The a n a ly s is  o f both the L^c and 
A^c m o b ilit ie s  show that the v a lle y  m o b ility  i s  dominated by the
aco u stic  deform ation p o te n t ia l s c a tte r in g  whereas the A  ^ v a lle y  
m o b ility  i s  dominated by the in t e r v a lle y  s c a t te r in g . Using the e f fe c t iv e  
mass r a t io s  m* -  0 .2 88 , m| = 1.353 and an aco u stic  deformation p o te n t ia l
of 3.61eV gave Alc  in t e r v a lle y  coupling constants as 3.7 x  108eV cm-1 
and 2.9 x 108eV cm-1 fo r  430K-LO and 320K-LA phonons re s p e c t iv e ly .
A n e g lig ib le  cou plin g  constant was found fo r  the low energy, 100K-LA 
phonons in  agreement w ith  the a lready published r e s u lt s  fo r  s i l i c o n  
and GaP.
To obtain  good agreement w ith the h igh  pressure r e s u lt s  the e le ctro n  
e f fe c t iv e  mass in  the A^c v a lle y s  o f germanium was found to be about 
50% h ig h e r than the measured e f fe c t iv e  mass in  s i l i c o n .  S in ce  the 
in te rp re ta tio n  o f the p ressure  dependence o f the tra n sp o rt p ro p e rtie s  
o f semiconductors s tro n g ly  dependent on the e f fe c t iv e  mass o f e le c tro n s , 
attempts were made to measure t h is  parameter by magneto-phonon technique 
u s in g  u ltra -p u re  m a te r ia l. Although i t  was not p o s s ib le  to observe the 
magneto-phonon o s c i l la t io n s  in  germanium as a fu n ctio n  o f  p re ssu re , 
n eve rth e less p ressure  e f fe c ts  on u ltra -p u re  m ateria l made i t  p o ss ib le  
to determine w ith some accuracy the pressure c o e ff ic ie n t s  fo r  both the 
L ic  and A^c v a lle y s  o f germanium. The measured pressure  c o e ff ic ie n t s  
are: -
dEr
-Tjz— = 4 .8  ± 0 .2  x 10_6eV b a r" 1.dP
dE
~  = -  2.4 ± 0 .4  x 10"6eV b a r- 1 .dP
These va lues o f pressure  c o e f f ic ie n t s  are independent o f the
d e n sity  o f s ta te s  o f the minima invo lved  or th e ir  atm ospheric pressure
energy se p ara tio n . However, ta k in g  the d e n sity  o f s ta te s  e f fe c t iv e  mass
r a t io s  o f m* = 0 .5 0 , m* = 1.58 and m* = 0 .4  fo r  the L, , A- minima o fL A V lc*  lc
the conduction band and the va lence band r e s p e c t iv e ly , best f i t s  to the
experim ental r e s i s t i v i t y  were obtained g iv in g  the energy separation  
AE^_^ = 0.21 ± 0.01 eV at atm ospheric pressure and ( L j c - band
cro sso ver at 29 ± 2 k .b a r .
The study o f GaAs under u n ia x ia l s tre s s  has confirmed the F -L -X
(iii)
SW’/':
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conduction band o rd e rin g . The re s is ta n c e  of a number of samples w ith  
(100) s t re s s  was measured up to 10 Ic- bar usin g  four probe method. No 
exponentia l change beyond 5 lc-bar was found in  c o n tra d ic tio n  to the 
observations of previous w orkers. The a n a ly s is  of the (100) s tre s s  
r e s u lt s  appear to re so lv e  the d iscre p a n c ie s  between the s tre s s  and 
e le c t o r e f le c t a n c e  data and suggest that the la rg e  va lu e  of the shear
. If \ . x
deform ation p o te n tia l =  (21 ± 9)eV, obtained by other workers must 
be re v ise d  downwards and should have a va lue c lo se r  to 8.0 eV as 
observed fo r  s i l i c o n .  A p o ss ib le  exp lan atio n  as to why those workers 
obtained such a la rg e  va lu e  of the deformation p o te n t ia l i s  a lso  g iven . 
'The measured e le c tro n  e f fe c t iv e  mass in  the Ft minimum under■ yi. 1C
u n ia x ia l s tre ss  agrees w e ll w ith  the ra s is ta n c e -s t r e s s  r e s u lt s .  I t  was 
found that the e f fe c t iv e  mass i s  p ro p o rtio n a l to the ap p lied  s tre s s  
w ith  the constants of p ro p o rt io n a lity  as
Am
nu (100) = (0 .23  ± 0.06)% k  bar
mJW
Am
m„ (111) = (0.075 ± 0.015) % k bar
-1
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CHAPTER 1
INTRODUCTION
The p ioneer work o f P.W. Bridgman and W. Paul on the e le c t r ic a l  
p ro p e rtie s  o f semiconductors under pressure la id  the foundation o f h igh  
pressure  research  in  the t h i r t ie s .  However, th e ir  f ie ld  o f in v e s t ig a t io n  
was lim ite d  due to the s c a r c it y  o f  good q u a lity  m a te ria l. A fte r  h igh  
p u r ity  s in g le  c r y s t a ls  became a v a ila b le  the in te r e s t  in  the h igh  p ressure  
research  grew enormously.
Pressure i s  a u se fu l v a r ia b le  together with temperature and a llo y in g  
experiments fo r  the determ ination o f  band stru ctu re  param eters. Under 
p ressure d if fe r e n t  band edges move in  energy at d if fe r e n t  c h a r a c t e r is t ic  
rates from which they can be id e n t if ie d .  The v a r ia t io n  o f band s tru c tu re  
w ith a l lo y  com position i s  sometimes q u a lit a t iv e ly  s im ila r  to the e f fe c t  
o f  pressure on one o f the components. Hence i t  may be p o ss ib le  to study 
an a l lo y  system by the a p p lic a t io n  o f  pressure to one o f  the components.
The observation  o f  e le ctro n  t ra n s fe r  under pressure in  con junction  w ith 
h igh  f ie ld  measurements can a lso  g ive  inform ation about the r e la t iv e  
stre n gth s o f the va rio u s s c a t te r in g  processes between band s ta te s . These 
are req uired  fo r  an assessment o f  device p o s s ib i l i t ie s .
In  order to understand f u l l y  and p re d ic t  a ccu ra te ly  the behaviour 
o f  tra n sfe rre d  e le c tro n  d evices in  m ate ria ls  l ik e  GaAs two p ie ces o f 
in form ation  are e s s e n t ia l .  F i r s t l y ,  the stru ctu re  o f  the conduction band 
i s  req u ired  in c lu d in g  the knowledge o f  h igher ly in g  minima. Secondly, the 
magnitude o f the electron-phonon in t e r v a lle y  s c a tte r in g  parameters are 
req u ired . In  th e o re t ic a l c a lc u la t io n s  i t  i s  norm ally assumed that in t e r ­
v a lle y  s c a tte r in g  between the L - minima i s  as measured in  germanium, w hile  
in t e r v a lle y  X or A v a l le y  s c a tte r in g  i s  as measured in  s i l i c o n .  In  order 
to te st  these assumptions we have undertaken both measurements in  one 
m a te ria l. Germanium was chosen s in ce  i t  allow s the study o f the in t e r v a lle y  
L -  s c a tte r in g  a t atm ospheric pressure  and in t e r v a lle y  X - s c a tte r in g  at
-2-
high  p re ssu re s.
Bridg- m a n ^  was the f i r s t  to study n-type germanium up to a
pressure o f  -  100 k -b a r  under quasi h y d ro s ta tic  co n d itio n s . Later
f 21Drickamer and Minomura^ J extended the pressure range, under n e a rly  
h y d ro s ta tic  co n d itio n s , to = 400 k -b a r and observed a semiconductor to 
metal phase t r a n s it io n  between 120 - 125 k -b a r. The above experim ents, 
in  which the pressure  was not e a s i ly  co n tro lla b le  e s p e c ia lly  in  the low 
pressure re g io n , d id  not provide any in form ation  about the in t e r v a lle y
(3)
s c a tte r in g  stre n g th s . On the other hand the stu d ie s o f  Nathan et a l 
were o n ly  up to 30 k -b a r , where the pressure was in s u f f ic ie n t  to is o la t e  
c a r r ie r s  in  the A -v a lle y s .
A fte r  the development o f  the h igh  pressure technique, u sin g  epoxy 
re s in  by P i t t  and Lees*4^, at  S . T . L . ,  Harlow, England, i t  became p o ss ib le  
to apply pressures to s in g le  c r y s t a ls  o f germanium w e ll in  excess o f  the 
(111) - (100) cro sso ver and then to lower the temperature to 100K in  a 
co n tro lle d  manner. F le tc h e r  et a l* 3  ^ were the f i r s t  to apply t h is  technique 
to a pressure o f  -  65 k -b a r  to s in g le  c r y s t a ls  o f  Ge and stud ied  the 
interband s c a t te r in g . The work to be reported here i s  an extension o f  the 
above experiments to the measurements o f temperature dependence o f the 
e le ctro n  m o b ility  in  the A -v a lle y s  o f Ge which pro vid es the X - in t e r v a lle y  
s c a tte r in g  param eters.
To e s ta b lis h  the c o rre c t  band stru ctu re  o f  GaAs in c lu d in g  the 
p o s it io n s  o f the h ig h e r ly in g  minima, the second im portant parameter 
required  as mentioned e a r l ie r ,  GaAs was stud ied  under u n ia x ia l s t re s s .
There e x is te d  some co n tro versy about the conduction band o rderin g  in  GaAs• 
Vinson et a l ^  and Adams et a l * ^ ,  by stud yin g the e f fe c ts  o f  the hydro­
s t a t ic  and u n ia x ia l s t re s s  on the threshold  fo r  the Gunn e f fe c t ,  suggested 
fo r  the f i r s t  time th a t the L minima are below the X minima w ith  an energy 
separation  o f  AEp_L = 0.38eV and AEp ^ = 0.4eV. Aspnes*8\  from the
-3-
e le c tro re fle c ta n c e  measurements, agreed w ith the above conduction band 
o rderin g  but gave s l ig h t ly  d if fe r e n t  energy separatio ns as AEp_L = 0.29eV 
and AEr Y = 0.48eV. Measurements o f  H a rr is  et a l ^  and P ic k e r in g  et al*'10')I “A
o f the e f f e c t  o f  the (100) u n ia x ia l s t re s s  on both the lo w -f ie ld  r e s i s t i v i t y  
and on the th resh o ld  f ie ld s  fo r  the Gunn e f fe c t  agree w ith one another but 
gave an anomalously h igh  va lue fo r  the deformation p o te n t ia l Eu o f 21(±9)eV 
compared to about 8eV fo r  s i l i c o n  and germanium. With a l l  these d iscre p a n c ie s  
in  mind i t  was decided to undertake the low f ie ld  r e s i s t i v i t y  measurements 
by usin g  a more s u ita b le  fou r probe method in  an attempt to re so lve  the 
apparent d iscrepancy between d if fe r e n t  measurements.
A fte r  g iv in g  a general review o f the band stru ctu re  o f the group IV  
and I I I - V  compounds in  Chapter 2, the e ffe c ts  o f  pressure  on band s tru c tu re  
and e le c t r ic a l  c o n d u c tiv ity  are described in  Chapters 3 and 4. Chapter 5 
d e a ls , in  d e t a i l ,  w ith  the experim ental arrangements. In  Chapters 6 , 7 and 
8 we g ive  an account o f  the r e s u lt s  o f the pressure experiments on n-type 
germanium, u lt r a  pure germanium and GaAs re s p e c t iv e ly . These r e s u lt s  not 
on ly  throw l ig h t  on the p ressure  c o e ff ic ie n t s  o f  d if fe r e n t  energy minima 
o f the conduction bands o f Ge but a lso  provide in form ation  about the in t e r ­
v a lle y  L and in t e r v a lle y  X s c a tte r in g  stre n g th s. I t  a lso  removes some o f 
the apparent d iscrep an cy  between the h igh  s tre ss  and the e le c tro re fle c ta n c e  
data fo r  GaAs. F in a l ly  in  Chapter 9 the im p lic a t io n s  o f the r e s u lt s  and 
fu rth e r developments are d iscu sse d .
During the p erio d  o f  in v e s t ig a t io n  we have made use o f the "SERC 
High pressure  f a c i l i t y  a t S . T . L .  Harlow, fo r  the h y d ro s ta t ic  pressure 
w hile fo r  the u n ia x ia l s t re s s  we have used the apparatus developed at 
Surrey U n iv e rs ity .
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CHAPTER 2
GENERAL REVIEW OF PROPERTIES OF GROUP 
IV  AND I I I - V  COMPOUND SEMICONDUCTORS
2.1.  CRYSTAL STRUCTURE AND BINDING
The group IV  sem iconductors except 3 -t in  and lead c r y s t a l l i z e  
in to  diamond stru ctu re  whereas the I I I - I V  compounds ( i . e .  Phosphides, 
Arsenides and Antimonides o f  Ga, In ,  A l and B) c r y s t a l l i z e  in to  the 
z in c-b le n d e  s tru c tu re . The on ly  d iffe re n c e  between the two types o f  
s tru ctu re  i s  that in  the diamond la t t ic e  a l l  the atoms are id e n t ic a l 
whereas in  the z in c-b le n d e  s tru ctu re  atoms o f group I I I  and V occupy 
a lte rn a te  la t t ic e  s i t e s .  So in  zin c-b lend e s tru ctu re  each atom o f the 
chemical sp ecies i s  surrounded by fo u r n earest neighbour atoms o f the 
other chemical co n stitu e n t forming a re g u la r  tetrahedron. The diamond 
and zin c-b lend e la t t ic e s  can be described  as two in tertw in ed  face-ce n tred  
cu b ic la t t ic e s  as shown in  F igu re  2.1.
The c r y s t a l atoms in  a diamond stru ctu re  are bound by pure homopolar 
cohesive fo rces which a ct as l in k s  between the neighbouring atoms. In  
I I I - V  compounds group I I I  atoms have three valence e le ctro n s  whereas 
group V atoms have f iv e  valence e le c tro n s . The sum o f the valence e le ctro n s 
o f the two n earest neighbours i s  therefore always e ig h t . A covalent bond 
may be formed i f  the p entavalent atom g ive s away one valence e le ctro n  to 
the t r iv a le n t  atom such th at each atom w i l l  have four valence e le ctro n s 
on average as in  the diamond la t t i c e .  But t h is  covalent bond w i l l  not 
be com pletely id e n t ic a l w ith  diamond la t t ic e  because o f the unequal net 
charges on th e ir  atomic cores i . e .  -e on the I I I  atom and +e on the V atom. 
T h is  type o f  bond, in  which the centre o f d e n sity  o f  the e lectro n  
d is t r ib u t io n  i s  h a lf-w ay  between I I I * 3 and V+5 io n s , i s  ch a ra cte rise d  by 
the form ula I I I -1 V+1.
The other p o s s ib i l i t y  i s  a heteropolar or io n ic  bond. In  t h is  case
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the group I I I  atom lo se s a l l  i t s  valence e le ctro n s to group V atom, 
so that both atoms have closed  e lectro n  s h e lls  and the bond i s  formed by the 
e le c t r o s t a t ic  a t t ra c t io n  o f  io n s . T h is  case can be represented by the 
formula I I I +3 V~3.
A continuous t r a n s it io n  i s  a lso  p o ss ib le  between these two extremes 
w ith an im portant in term ediate  case where the centre o f  d e n sity  o f the 
e le ctro n  d is t r ib u t io n  i s  moved to such an extent towards the pentavalent 
atom that the e f fe c t iv e  charge on the la t t ic e  atom i s  zero. T h is  case , which 
i s  described by the form ula I I I 0 V°,  represents n e u tra l bonding. T h e o re tica l 
c a lc u la t io n s  o f  Coulson et a l^ 1^  fo r  the e f fe c t iv e  charges o f  t r iv a le n t  
and pentavalent la t t i c e  atoms w ith  zin c-b lend e s tru ctu re  show that the . 
magnitude o f the e f fe c t iv e  charge i s  always le s s  than one, which means that 
the b in d in g  i s  o n ly  s l i g h t ly  io n ic  in  nature.
Many attempts have been made to c o rre la te  the band stru ctu re  and
p ro p e rtie s  o f the I I I - V  compounds w ith those o f group IV  elements in  terms
1121o f th e ir  c r y s t a l s tru ctu re  and b in d in g . Madelung d iscu sse s  t h is  su b je ct 
in  some d e t a il and argues th a t s in ce  the la t t ic e  constants o f the elements 
w ith in  the is o e le c t r o n ic  row o f the p e r io d ic  ta b le , e . g .  Ge, GaAs, ZnSe etc .  
are found to be the same (w ith in  1%) the h eteropolar co n tr ib u tio n  to the 
I I I - V  bond would not be la r g e , hence there i s  predom inantly cova lent bonding.
2 .2 .  BAND STRUCTURE
The band s tru c tu re  o f  the I I I - V  compounds i s  b a s ic a l ly  s im ila r  to that 
o f the group IV  elements i . e .  Ge and S i .  Although there are some d iffe re n c e s  
caused by the absence o f in v e rs io n  symmetry in  the c r y s t a l la t t i c e ,  such f in e  
d e t a i ls  are not im portant fo r  pressure experim ents. The accepted band' 
s tru c tu re s , at atm ospheric p re ssu re , fo r  GaAs, Ge and S i  are shown in  
F igu re  2.2.
From the F igu re  i t  i s  c le a r  th at the valence bands o f a l l  three 
semiconductors have a maximum a t k = 0 , the centre o f the B r i l lo u in  zone,
INTERACTION 
AT 
ATM
OSPHERIC 
PRESSURE.
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norm ally re fe rre d  to as the F -p o in t . There i s  a tw o -fo ld  degeneracy in  
the valence band, there being a heavy-hole band and a l ig h t -h o le  band which 
form the top o f the band. There i s  a th ird  band s p l i t  o f f  by sp in  o r b it  
in te ra c t io n  which forms the lowest maximum o f the valence band. The 
conduction band s tru c tu re  o f  a l l  the semiconductors c o n s is ts  o f  minima 
in  k = 000 ( r i c ~ p o in t) , k^  = 111 ( L l c -p o in t) and jk = 100 (X l c ~point) d ir e c t io n s . 
The low est energy minima in  the conduction band o f d if fe r e n t  semiconductors 
l i e  in  one o f  the above mentioned c ry s ta llo g ra p h ic  d ire c t io n s .
In  GaAs the low est conduction band energy sta te  l ie s  a t  the cen tre  o f
the B r i l lo u in  zone, the r^ c p o in t , and c o n s is ts  o f  a s in g le  minimum. There
i s  a controversy about the next h igh er minima. I t  was thought that the
X -v a lle y s  are below the L - v a lle y s .  But the recent experim ental and
th e o re t ic a l work o f  Vinson et a l and A s p n e s ^  showed that L - v a lle y s  are
below the X -v a l le y s .  Again there i s  a controversy about the a ctu a l p o s it io n
f 13)o f the X -v a lle y s  in  the B r i l lo u in  zone. Welber et a r  u sin g  Raman 
spectroscopy found th a t the X-minima are about 10% away from the zone 
boundary. Thus in ste a d  o f  three eq u iva le n t v a lle y s  a t the zone boundary 
they needed s i x  v a l le y s ,  at the A^c p o in ts , as in  s i l i c o n ,  to e x p la in  
t h e ir  experim ental r e s u lt s  in  co n tra st to the h igh p ressure  r e s u lt s  o f P i t t  
and L e e s ^  fo r  GaAs where they concluded th at the minima are s itu a te d  at 
the zone edge. Hence we have le f t  out t h is  po in t and drew the T -L -X  band 
orderin g  as shown in  F igu re  2.2.
f 14)
As a r e s u lt  o f  the th e o re t ic a l c a lc u la t io n s  by Hermanv J and the
cyc lo tro n  resonance experim ents o f L in co ln ** 5-^ and Berkeley*1^  groups i t
became accepted th a t the low est energy minima in  the conduction band o f
germanium l i e  at the L^c p o in ts  and c o n s is ts  o f fo u r eq u iva le n t v a l le y s .
The next h igher minimum i s  at the r i c ~point and s t i l l  s l ig h t ly  h igh e r in  
energy are the se t o f s i x  e q u iva le n t minima in  the (100) d ire c t io n s  in  
space at about 85% o f the way from the centre o f the B r i l lo u in  zone to i t s  
boundary.
-9-
In  case o f s i l i c o n ,  on the other hand, vario u s experim entsv 
e sta b lish e d  that the lowest energy minima are in  the (100) d ire c t io n s  
approxim ately the same amount inwards from the zone boundary as the X- 
v a lle y s  in  Ge, hence s i x  in  number. The next h igh er minima, having fo u r 
eq u iva len t v a l le y s ,  are a t the L l c ~points but s t i l l  h ig h e r i s  a s in g le  
minimum at the r l c ~point.
The su rfa ces o f  constant energy a t the centre o f the B r i l lo u in  zone 
are s p h e r ic a l, thus the e f fe c t iv e  mass o f the e le ctro n s i s  is o t r o p ic .  The 
constant energy su rfa ce s around other symmetry p o in ts  L l c  and A^c are 
e l l ip s o id a l .  S in ce  i i i  germanium and s i l i c o n  the lowest ly in g  minima, a t 
atm ospheric p re ssu re , are a t  the L-^  and Alc  p o in ts  re s p e c t iv e ly , t h e ir  
constant energy su rfa ce s are e l l ip s o id a l .  The e le ctro n  e f fe c t iv e  mass in  
these cases i s  a n is o tro p ic  and has1 two components c a lle d  the tra n sv e rse , m^, 
and lo n g itu d in a l,  m , e f fe c t iv e  masses. The constant energy su rfa ces o f theI*
e le ctro n s in  the r ^ ,  L^c and A^c minima are shown in  F igu re  2.3.
2.3 .  k .p  THEORY
Shockley^18-^ and D resselhauss 19  ^ were the f i r s t  to use "k .p "
p ertu rb a tio n  technique to c a lc u la te  the shape o f  the bands in  the v i c in i t y
o f the most im portant symmetry p o in ts  fo r  semiconductors w ith  diamond and
zin c-b lend e s tru c tu re s . La te r  Kane^2G  ^ developed a more rigo ro u s treatm ent
to c a lc u la te  the band stru c tu re  o f  InSb. With t h is  method he tre ated
e x a c t ly  the in te ra c t io n  o f  two c lo s e ly  spaced conduction and valence bands
through the "k .p "  and "k-independent" sp in  o r b it  in te ra c t io n . He then
tre ated  the in te ra c t io n s  w ith  h igh e r bands by second order p e rtu rb a tio n .
T h is  technique was extended to c a lc u la te  the band stru c tu re  o f  the other
f 21)I I I - V  compounds by B raunste in  and Kane .
According to Kane's a n a ly s is  the e f fe c t iv e  mass o f the c a r r ie r s  could
fl7)
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F IG . 2 .3 (b) CONSTANT ENERGY SURFACES FOR ELECTRONS IN THE
Ln MINIMA AS IN GERMANIUM, lc
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FIG . 2 3(c)CONSTANT ENERGY SURFACES FOR ELECTRONS IN THE
A-, MINIMA AS IN SILICO N, lc
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be w ritte n  as
m.
1
m:
i-Pnn
n E (k ) -E  «(k ) n v oJ n v o'
2.1
where i  i s  a u n it  ve cto r in  the d ire c t io n  o f  the it h  p r in c ip a l a x is  and
2 ^—  | i . p  represents the square o f  the momentum m atrix  element
mo
r e la t in g  to the conduction and valence bands. The other term w ith in  the 
b rackets i s  the sum o f  the re c ip ro c a ls  o f  the band energies in vo lve d  in  
the in te r a c t io n . The exp ressio n s fo r  the e f fe c t iv e  mass o f the e le ctro n s  
in  a p a r t ic u la r  band i . e .  Tl c , L l c  and Al c  or X^c could be derived  from 
equation 2.1 provided the re sp e ctiv e  band energies and momentum m atrix  
element are known.
2 .3 .1 .  T. EFFECTIVE MASS —1 c--------------------------
The e f fe c t iv e  mass o f  e le ctro n s  in  the T. conduction band can belc
w ritte n  from equation 2.1 as
2
in 9 | < r= 1 + e —  . I?.,---_ _ _ ----- 2.2< r l c  I P  I n '  >  |
m*(ri c ) '  * ' nT “n '  "ECr1(J - E(n')
In  p o la r  semiconductors F^c band in te ra c t  w ith Tjc;c and r ^5V » as ' 
(2 2 )d iscu ssed  by Cardonav J . He treated  E , the momentum m atrix  element asP
constant w ith a va lue o f  20.8eV f o r  a l l  the I I I - V  compounds. But re c e n tly
C23) (24)Lawaetz and Hermann et a k  } c la im  that in  order to c a lc u la te  the
e ffe c t iv e  mass parameters more a ccu ra te ly  one has to take not o n ly  s t i l l
h igh e r ly in g  bands but a lso  determine the momentum m atrix  a cc u ra te ly .
f24)According to Hermann et a r  7 f iv e  band k .p  theory the equation 2.2 can 
be w ritte n  as
mo _ n Ep~r f 2 1 , Ep -r  r 2 1 „
m*(r. ) + 3 E + E +A 3 l'ECrR)-E ^  +E ( F 7) - e J  + Cv lc' o o o  8 ' o k 7 ' o
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The energy l e v e l s  are i l l u s t r a t e d  in  F igure 2.2 Ep p re la te s  to
the coupling  o f  the conduction band with the valence band w hile E^ p
re la te s  to i t s  co u p lin g  with the h igher ly in g  minima. C i s  a c o rre ctio n  fo r
(24)even h igh e r ly in g  bands and Hermann et a l concludes that C can be taken 
as constant and equal to -2 .  They a lso  conclude that Ep_r = 29eV and 
E* _ = 6eV fo r GaAs.p-r
In germanium l i k e  s tru ctu re  the in te ra c t io n  between r l c ( r 2 ')
with h igh er ly in g  bands van ishes fo r  p a r it y  reasons, as pointed out by 
('22')Cardona . So ig n o rin g  the second and th ird  terms in  equation 2.3 g ive s 
the e f f e c t i v e  mass fo r  band in  diamond stru ctu re  as
2 1 +E E + A o o o 2.4
*away in energy. Thus in . , , _ . „ ,t(Lp^) can be obtained from equation 2.1 as:-
by
»
m E E p-L
=1+ (— —  + — --- ) - » 2 5* 3 E E +A. ; E.-E.
Bt(L. ) 1 1 1  1 1lc
Again for germanium type structur-s the equation 2.5 could be simplified 
ignoring the higher band interaction terms as
I°_ - , + V l 2*  -  1 + P  L , 2 ____
m \ -o—  e
■ m & L i  t ( L y  3  1
spin orbit 
i is  case, quoted by
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The lo n g itu d in a l mass a t L^c band i s  determined by i t s  in te ra c t io n  
w ith other L^, L j  s ta te s  which are very fa r  in  energy. Hence t h is  mass 
must be c lo se  to the free  e le ctro n  mass.
2 .3 .3 . A (X. ) EFFECTIVE MASS —1 c—  1 c ■--------------------------
The o n ly  energy gap at the X -p o in t known exp e rim en ta lly  i s  the
X4-X l c . The tra n sve rse  e f fe c t iv e  mass i s  governed o n ly  by the in te ra c t io n
o f X . w ith X, . No co rre c t io n  due to the admixture o f  X„-X„ wave fu n ctio n s 4 , l c  4 3
in  p o la r  semiconductors can be made s in ce  no in form ation  about the p o s it io n  
o f  X5 i s  a v a ila b le .  Hence the tra n sverse  e f fe c t iv e  mass at Xlc  can be 
w ritte n  from equation 2.1 as
m E
_£  = ! + _ Ez£  2 7m* Ft ( X l c ) 2
where E0 i s  the E (X ^ -X ^ )  energy separatio n .
The value o f momentum m atrix  element, E can be estim ated from thep -x
measured value o f the tra n sve rse  mass in  s i l i c o n ,  where the lowest conduction
band minima are in  the (100) d ir e c t io n . The value o f  E thus found i s
P _x
19eV.
2 .4 . ELECTRON TRANSPORT AT LOW FIELDS
In  a semiconductor c r y s t a l the motion o f e le ctro n s in  the conduction 
band (and holes in  the va lence band) under the in flu e n ce  o f  the app lied  
f ie ld  "F" i s  described  as a sequence o f  a cce le ra tio n s  by the f ie ld  
follow ed by the c o l l i s io n s  w ith  the la t t ic e  accompanied by energy and 
momentum tra n s fe r . As a r e s u lt  the charge c a r r ie r s  tend to move w ith  an 
average d r i f t  v e lo c it y  v = yF superimposed on th e ir  random thermal v e lo c it y .  
M, i s  c a lle d  the m o b ility  o f  the c a r r ie r s .  In  order to determine the 
m o b ility  o f the c a r r ie r s  the vario u s sc a tte r in g  mechanisms present in  the 
system have to be considered. These s c a tte r in g  mechanisms and t h e ir
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co n trib u tio n s to the e le ctro n  m o b ility  are described b r ie f ly  here.
The form ulae, fo r  d if fe r e n t  s c a t te r in g  mechanisms, c ite d  in  the next 
se ctio n s are based on the assumption o f  sp h e ric a l constant energy 
su rfaces i . e ,  is o t r o p ic  r e la x a t io n  tim e. As these assumptions are not 
s t r i c t l y  true fo r  Group IV  semiconductors an appropriate co rre ctio n  i s  
ap p lied  as w i l l  be d iscu sse d  in  Chapter 6.
2 *4 ‘ 1 * DEFORMATION POTENTIAL SCATTERING (ACOUSTIC LATTICE SCATTERING)
Th is  i s  the dominant s c a t te r in g  mechanism in  the L l c -v a l le y s  o f 
germanium a t room tem perature. Shockley and Bardeen(23,26) developed the 
concept o f  a deform ation p o te n t ia l in  order to gain  an in s ig h t  o f  the 
mechanism o f la t t ic e  s c a t te r in g . I t  could be b r ie f ly  described as fo llo w s.
As a r e s u lt  o f  therm al a g it a t io n , the atoms in  a c r y s t a l are 
v ib ra t in g  in  a random fa sh io n  w ith  resp ect to t h e ir  neighbours g iv in g
r is e  to two modes o f  phonon v ib r a t io n s . These modes are c a lle d  lo n g itu d in a l
\
a co u stic  and tra n sve rse  a co u stic  modes. A passage o f lo n g itu d in a l 
v ib ra t io n s  through a c r y s t a l g ive  r is e  to a lte rn a te  reg io n s o f compression 
and extension o f  the c r y s t a l  la t t ic e  i . e .  deforming the c r y s t a l la t t ic e  
s l ig h t ly .  When the c r y s t a l  i s  compressed, the p o s it io n s  o f  the energy 
bands are a lte re d  in  such a way th at the forbidden gap i s  increased  
whereas i t  i s  reduced in  the co n d itio n  o f  an extensio n . T h is  e f fe c t  causes 
a lo c a l v a r ia t io n  in  the energy asso c ia te d  w ith the conduction band edge.
A s im ila r  v a r ia t io n  in  the energy o f  the valence band produces a sm all 
p o te n t ia l f lu c tu a t io n  which a cts  as a s c a tte r in g  centre fo r  the in c id e n t  
e le ctro n  g iv in g  r is e  to the deform ation p o te n tia l s c a t te r in g . Shockley and 
Bardeen derived an exp ressio n  fo r  m o b ility  due to the deform ation p o te n t ia l 
s c a tte r in g  a s :
2 (2 tt)^ e i ^ D s 2 n = — J ------------->   cm v 1s~l 2.8
3(m *)5 2  (k D T ) 3 2  E?B 1 i
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where D i s  the d e n sity  o f the m ateria l
s the v e lo c it y  o f  lo n g itu d in a l phonons
E^ aco u stic  deform ation p o te n tia l (eV)
m* the e f fe c t iv e  mass o f the e le c tro n s .
In  the d e riv a t io n  o f the above expressio n  the s c a tte r in g  by the o p t ic a l
as w e ll as tra n sve rse  a c o u st ic  phonons have been n eglected.
The o p t ic a l phonons do not co n trib u te  to the la t t i c e  sc a tte r in g
(27)m o b ility  in  n o n-po lar sem iconductors, as pointed out by S e i t z v J , because
t h e ir  u n it  c e l ls  co n ta in  two atoms o f the same sp ecies in  co n trast to the
I I I - V  compounds where two atoms o f the u n it  c e l l  are o f  d if fe r e n t  sp ecies
g iv in g  r is e  to in te ra c t io n  between e le ctro n s and long wavelength o p t ic a l
phonons. Shockley and Bardeen a lso  ignored the s c a tte r in g  o f  the e le ctro n s
by the tran sverse  a co u st ic  modes because, accord ing to them, these modes
do not g ive  r is e  to d ila t a t io n .  But the e la sto re s is ta n c e  experiments o f 
(28)Smith have shown th a t shear as w e ll as d ila t a t io n  can s h if t  the
conduction band minima, thus making the a n a ly s is  much more complex. H e rrin g  
(29)and Vogtk J have done such c a lc u la t io n s  and concluded th a t the tran sverse  
a c o u st ic a l modes are about h a lf  as e f fe c t iv e  as the lo n g itu d in a l modes in  
s c a tte r in g  conduction e le ctro n s  in  germanium fo r  reasonable values o f the 
deformation p o te n t ia ls .
However we confine o u rse lve s to the sim ple lo n g itu d in a l mode s c a t te r in g  
as represented by equation (2 .8 ) and tre a t  E^, the deform ation p o te n t ia l,  
as an a d ju sta b le  parameter to in c lu d e  the co n trib u tio n  due to the tra n sverse  
mode in te ra c t io n .
2 .4 .2 . INTERVALLEY SCATTERING
The other im portant s c a tte r in g  mechanism in  both group IV  and I I I - V  
compounds i s  th a t o f  in t e r v a lle y  s c a tte r in g . In  t h is  s c a t te r in g , u n lik e  
deformation p o te n t ia l s c a t te r in g , the e lectro n  changes i t s  momentum by a 
la rge  amount. Hence t h is  s c a tte r in g  process must in vo lve  e ith e r  em ission or
1-18-
absorption o f an e n e rg e tic  phonon.
H e rrin g* 30  ^ has considered in t r a v a lle y  o p t ic a l and in t e r v a lle y  
s c a tte r in g  in  some d e t a i l .  He g ive s  an expression  fo r  the s c a tte r in g  
p ro b a b il ity  as:
i = W + W + W 2.9x o a e
k BT E 1 where WQ = W ] ^ )  C jg)
w 2  (k + 1 ) 1
^a Aw
or
exp rp) -  1
B i
E 2
w = 2 ™ —  fo r  E > -Kwe , r Tia) ^1 - exp
B 1
W = 0  fo r  E < foooe
The f i r s t  term, WQ, represents the o p t ic a l in t r a v a lle y  s c a t te r in g , 
the second term, W , the in t e r v a lle y  s c a tte r in g  w ith  absorption  o f act
phonon and the th ird  term, W , the in t e r v a lle y  w ith  em ission o f a phonon.
v
By s u b s t itu t in g  the component p r o b a b il it ie s  in  equation 2.9 i t  can be 
w ritte n : j
[
I  I
(lb+ 15 , ^ _1)
 T K S 'T . + :  T S u Texp (jp jr) -1 1 -  exp ( - ^ - T)
or
B B
-1
} 2.10
where E i s  the e le ctro n  energy. 
w2
The r a t io  —— is  the measure o f the r e la t iv e  stre n gth s o f the phonons 
in vo lved  in  the in t e r v a lle y  s c a tte r in g  to that in vo lve d  in  the in t r a v a lle y  
s c a tte r in g .
2 .4 .3 . POLAR OPTICAL SCATTERING
P o la r o p t ic a l s c a t te r in g  i s  the most im portant s c a t te r in g  mechanism
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in  the Tlc  minima in  I I I - V  compounds. T h is  i s  caused by the strong 
p o la r iz a t io n  connected w ith  the r e la t iv e  motion o f the two unequal 
p a r t ia l ly  io n ize d  atoms w ith in  the u n it  c e l l  o f  the la t t i c e .
A n a ly s is  o f  p o la r  o p t ic a l s c a tte r in g  has been given  by Howarth
(31) r 32)and Sondheimer^ J . Ehrenreich^ J la t e r  m odified th e ir  theory to allow
fo r n o n -p arab o lic  bands and g ive s the expression  fo r  m o b ility  as:
1
3^ ] 2 (exp Z - l )  G (Z)
cm2v “ 1 2 . 1 1
where T i s  the la t t i c e  temperature
e* i s  the C a lle n  e f fe c t iv e  charge 
M i s  the reduced ion  mass in  Kg.
i s  the volume o f the p r im it iv e  c e l l  in  m3.
9 i s  the p o la r  phonon temperature 
Z = 0/T
(33)
The fu n ctio n  G(Z) has been given by EhrenreichA J and i s  shown in  F igu re
2.4 as a continuous fu n ctio n  o f  Z fo r  d isc re te  va lues o f  wp/a)^. Where wp
(34)
i s  the plasma frequency. More re c e n tly  F o r t in iv J has d iscu ssed  the su b je ct 
and gave somewhat h ig h e r va lues o f the fu nctio n  G(Z) as shown by the dotted 
lin e  in  F igure 2 .4 .
2 .4 .4 . IONIZED IMPURITY SCATTERING
The io n ize d  im p u rity  s c a t te r in g  co n trib u tio n  to the e le ctro n  m o b ility ,
(35)in  case o f non-degenerate semiconductors according to Brooks i s  g iven  
by the r e la t io n :
27/2 (k BT ) 3/2 (4TTeo) 2
2.12
where In  Y = In  (1+b) -
-20-
2 "  k et
FIG-. 2.4 f ( Z #w / ) ^  Z , AFTER EHRENREICH ( — ------ )
p/w£ AND FORTINI ( - - -----)
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6 e m* (k DT ) 2 i - o B 7and b = -------------------------
it n  ^ h 2 e2
n + N
n' = n + (n + NA) ( 1 ------ ^----- -)
N. = 2 N. + n i s  the t o ta l d e n sity  o f io n ize d  im p u rity  centres in  1 A
cm~3 and n i s  the fre e  c a r r ie r  con cen tratio n. N^, Np are the d e n s it ie s
J
o f acceptors and donors re s p e c t iv e ly .  ,
2 .4 .5 . OTHER SCATTERING MECHANISMS
The other types o f  s c a tte r in g  mechanisms such as n e u tra l im p u rity
s c a t te r in g , s c a tte r in g  by d is lo c a t io n s  and other la t t ic e  d e fe cts , are o f
( 36)minor importance in  good q u a lity  c r y s t a ls .  However E rg in so y  has
c 37)
stud ied  n e u tra l im p u rity  s c a t te r in g  and Dexter et a r  ' have given a 
d e ta ile d  account o f  the s c a tte r in g  by d is lo c a t io n s . The e le ctro n -h o le  
s c a tte r in g  w i l l  a f fe c t  the m o b ility  but i t  i s  norm ally  n e g lig ib le  
because the samples are e ith e r  n -typ e or p -typ e. S in ce  the energy and 
momentum both are conserved, e le c tro n -e le ctro n  s c a tte r in g  has no d ir e c t  
e f fe c t  on m o b ility .
2 .4 .6 . LOW FIELD MOBILITY
In  a sem iconductor, in  the presence o f  an e le c t r ic  f ie ld ,  F, the 
current d e n s ity , J ,  i s  g iven  by 
J  » a £
The c o n d u ctiv ity  a i s  determined by the number o f c a r r ie r s  and th e ir
m o b ility . In  an in t r in s ic  m a te r ia l, where there are two types o f c a r r ie r s ,
e le ctro n s and h o le s , the c o n d u c t iv ity  i s  given by
cr = n e y + p e y"n r  *p
where n and p are the e le ctro n  and hole d e n s it ie s  r e s p e c t iv e ly  and y^, yp
being t h e ir  m o b ilit ie s .  In  n -type wide band gap m a te r ia ls , the hole current
could be n eg le cte d , hence the c o n d u ctiv ity  re la t io n  reduces to a - n e y^
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In  the presence o f N s c a tte r in g  mechanisms, the m o b ility , y, i s  
approximated by the r e la t io n
y = —  2.13
l
where y^ i s  the m o b ility  asso c ia te d  w ith the it h  s c a tte r in g  process alone 
as d iscussed in  the p revio us se c tio n . The expression  2.13 assumes that 
the in d iv id u a l s c a t te r in g  mechanisms are independent o f  one another and i s  
g e n e ra lly  re fe rre d  to as M atth iessen 's ru le .
Both y and n can be determined experim en ta lly  by the H a ll e f fe c t  and 
r e s i s t i v i t y  measurements to fe  described in  Chapter 6.
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EFFECTS OF PRESSURE ON BAND STRUCTURE
3 .1 . H y d ro sta tic  P ressure
The a p p lic a t io n  o f  h y d ro s ta t ic  pressure does not a f fe c t  the 
symmetry o f the c r y s t a l  ( i f  there i s  no phase change) and so symmetry 
degeneracies are not removed. Changes in  symmetry are produced o n ly  by 
the a p p lic a t io n  o f  u n ia x ia l s t re s s  producing s ig n if ic a n t  changes in  
e le c tro n ic  p ro p e rt ie s .
H y d ro sta tic  pressure  sim ply causes a decrease in  the c r y s t a l 
volume and hence a decrease in  the la t t ic e  constant. Therefore the 
band edges which are not required  by symmetry to be degenerate may be 
moved w ith resp ect to one another. Sim ply one would expect the wave 
fu n ctio n  overlap  to broaden w ith  decreasing in terato m ic sp acin g , the 
bands therefore to widen, and the energy gap to decrease. However, 
exp e rim en ta lly  t h is  i s  not found to be so , and the o b servatio ns show that 
the energy gaps may e ith e r  decrease or in cre a se , w ith  resp ect to the 
valence band, depending on which minimum (T ,L ,X )  o f  the conduction band i s  
the low est. A comparison o f  the pressure c o e ff ic ie n t s  o f se ve ra l sem i­
conductors led  P a u l t o  form ulate the e m p irica l r u le .  T h is  s ta te s  - 
that the p ressure  c o e ff ic ie n t s  o f the energy d iffe re n ce  between two sta te s  
o f a given  symmetry i s  approxim ately independent o f  the m ate ria l in  which 
i t  i s  measured.
Se vera l workers have considered the e f fe c t  o f  the change in  la t t ic e
(39)constant on band s tru c tu re . Paul and Brooks J a sso c ia te d  the e le ctro n s 
in  the r^ c and X^c v a lle y s  w ith  s and p type wave fu n ctio n s re s p e c t iv e ly  
and argued th at the energy o f  the s s ta te  would in cre a se  whereas th at o f 
the p s ta te  would decrease. T h is  argument seems to agree w ith the 
experim ental o b servatio n . But in  fa c t  due to the separatio n  o f  bonding
CHAPTER 3
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and an ti-bo n d ing  s t a t e s ,  w ith  decreasing in te r-a to m ic  sp acin g , the
energy between conduction and valence bands at a p a r t ic u la r  symmetry
dE dE1 dE2
p o in t ( r ,L ,X )  always in cre a se s w ith  pressure i . e .
are a l l  p o s it iv e  as shown in  F ig .  3 .1 . I t  so happens that although the
energy gap E2 in cre a se s w ith  pressure  at the X -p o in t the valence band a lso
bitiZd£ii$ i . e .  energy o f  X^ in cre a se s which makes X  ^ look e ith e r  s ta t io n a ry
or even move downward w ith  resp ect to the valence band. Table 3.1 i l lu s t r a t e s
the pressure c o e ff ic ie n t s  o f F  ^ , L^c and X^c v a lle y s  in  some o f the z in c
blende and diamond type semiconductors r e la t iv e  to the valence band maximum.
O p tica l measurements on d if fe r e n t  minima provide a good il lu s t r a t io n  o f
the e m p irica l r u le .  F ig .  3 .2  shows the absorption edge energies as a
fu n ctio n  o f p ressure  obtained by d if fe r e n t  workers fo r  s i l i c o n ,  germanium
and ga lliu m  antim onide.
S i l ic o n  has i t s  conduction band minima, at atm ospheric p re ssu re ,
in  the <100> d ir e c t io n , whose p ressure  c o e ff ic ie n t  i s  sm all and n e g a tiv e .
Thus the energy gap i s  observed to decrease slo w ly  w ith  p re ssu re . Ge
has L^c minima low est and i t s  energy gap i s  seen to in cre a se  f i r s t  w ith
pressure then at about 30 k -b a r , where L^c and A^c minima cro sso ve r, the
energy gap s t a r t s  d ecreasing  w ith the in crease  o f  p re ssu re . GaSb on the
other hand, having minima the low est, shows two band c ro ss in g  e f fe c t s .
F i r s t  the energy in cre a se s  due to the minima movement but at about
8 k -b a r, where i t  cro sse s the L-^c minima, change in  the ra te  o f in cre a se
o f energy gap w ith p ressu re  i s  observed. Near about 30 k -b a r  the
crossover takes p lace  and a decrease in  energy gap i s  observed. Melz^4G^
c a lc u la te d  se v e ra l pressure  c o e ff ic ie n t s  u sin g  a pseudopotential approach and
(411
ju s t i f ie d  the e m p ir ica l ru le  as w e ll.  Camphausen et a r  J have a lso
ca lcu la te d  the pressure  t ^ e f f ic ie n t s  fo r  a number o f  I I I - V  compounds in  good
agreement w ith experiment by u sin g  the d ie le c t r ic  theory o f the chem ical
(42) (43 44 45)bond developed by P h i l l ip s ^  J and Van Vechtenv ' * J which a lso  takes
-25-
F IG . 3 . 1 VARIOUS RAND EDGES OF GaAs AND THEIR 
PRESSURE COEFFICIENTS (yeV/bar) .
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Pressure c o e ff ic ie n t s  o f  conduction band extrema 
in  some Diamond and Z in c  blende type sem iconductors, 
r e la t iv e  to the valence band maximum (x 10~6eV b a r"1)
TABLE 3.1
Compound
dEr
dP
dE,
dP
dEx
dP
-
Exp. Theory Exp... Theory Exp . Theory
S i - 3.7 - 1.2 -1 .5 -0 .1
Ge 14.2 14.3 5.0 5.4 -1 .0 -0 .1
AlSb 10,0 13.5 - 2.5 -2 .0 -1 .0
GaP 10.0 9.2 - 2.8 -1 .1 -0 .8
GaAs 11.0 11.0 - 2.8 -1 .0* -0 .8
GaSb 14.7 14.7 5.0 4.8 -1.0* -0 .6
InP 10.0 9.5 2.5* 3.4 -2 .0* -1 .0
InAs 10.0 12.2 5.0* 6.0 - -
InSb 17.0 15.8 5.0* 5.5 - -0 .9
* These are the va lu es which have been used to f i t  a v a ila b le  experim ental 
data and are not d ir e c t ly  measured r e s u lt s .
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in to  account the c o n tr ib u tio n s  to the energy sta te s from d-type core 
e le c tro n s .
With the e m p ir ica l ru le  reasonably e s ta b lish e d , i t  i s  p o ss ib le  to 
determine from p ressure  experim ents which o f the conduction band minima i s  the 
lowest sim ply by ob serving  i t s  pressure  c o e ff ic ie n t .  Pressure a llow s us 
therefore to observe the in te r e s t in g  phenomenon o f band cro ss-o v e r and the 
subsequent e le ctro n  t ra n s fe r  to other minima as they become lower in  energy 
than the norm ally lowest minima at atmospheric p re ssu re . A fte r  the 
e lectro n  t ra n s fe r  to the new minima, which have therefore  become a v a ila b le  
fo r  d ire c t  o b servation  a t  h igh  p re ssu re , a b a s ic  comparison o f s c a tte r in g  
th e o rie s and band s tru c tu re  i s  p o ss ib le .
A d e ta ile d  a n a ly s is ,  based on the deformation p o te n tia l theory
introduced by Bardeen and S h o c k le y ^ ^ ,  o f the r e la t iv e  movement o f the
band edge extrema under the in flu e n ce  o f an ap p lied  s t r e s s ,  in  e la s t ic
f471co n d itio n s , i s  c a rr ie d  out by Costato and Reggiani . The change in  
energy o f a s ta te , SE, i s  re la te d  to the change in  volume, 6V, produced 
by p re ssu re , by the equation
where S i s  the deform ation p o te n t ia l constant o f the conduction and 
valence bands i . e .  the change in  energy o f the sta te  per u n it  s t r a in  e. 
Hence <5E = 5 : e (3 .2 )
where both 5 and e are second-rank ten so rs. For a h y d ro s ta t ic  compressive 
p re ssu re , P, the r e la t io n  may be w ritte n
■jp S [3 (S U  + 2 S 12) ] (3; 3)
Where are the components o f  the compliance ten so r. Fo llo w ing the 
form alism  o f  H e rrin g  and Vogt^29  ^ fo r  the deformation p o te n t ia l o f  the 
conduction band, and o f  P iku s and B i r ^ ^  fo r  the deform ation p o te n t ia l
o f the valence band i t  can be shown that fo r  cubic c r y s t a ls ,
1 (3.4)
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where and E^ are the deform ation p o te n t ia l constants o f the conduction
band and are defined as fo llo w s
5^ represents the energy s h i f t  due to an e lo n gatio n  in  the two
d ire c t io n s  normal to the symmetry a x is  (Z -a x is )  i . e .  a d i la t io n ,
e = -^ , e = ^  produces a s h i f t  S ,u . xx 2 yy 2 ^ d
Su represents the energy s h i f t  due to an e lo n gatio n  along
Z -a x is  combined w ith a co n tra ctio n  in  the two normal d ire c t io n s ,
i . e .  a u n ia x ia l shear, e = e  = - — , e = u  produces axx  yy 2 zz r
s h i f t  E u. u
a i s  the deformation p o te n t ia l constant fo r  the valence band and 
i s  defined as the s h i f t  o f the average p o s it io n  o f the valence 
band maxima per u n it  d i la t io n .
From equations (3 .3 ) and ( 3 .4) the average s h i f t  o f the conduction band,
E , and o f the valence band, E , under h y d ro s ta t ic  compressive p ressure , P,C V
can be w ri tten  a s :-
!
HP (=d + 3 "u5 3 (S U  + 2 S12> (3 - 5)
and
dE
= -  a 3 (S j^  + 2 S^2 ) (3 .6 )
3 .2 . UNIAXIAL STRESS
The general e f fe c t  o f a u n ia x ia l s t re s s  on the band stru ctu re  o f  a 
sem iconductor i s  to s h i f t  the energy o f  a l l  the v a lle y s  due to pure 
d i la t io n  o f  the c r y s t a l (which i s  o n e -th ird  o f th a t caused by a h y d ro sta tic  
p ressure  o f the same magnitude) and a lso  to remove the degeneracies 
o f  any e q u iva le n t v a lle y s  which are not sym m etrical to the d irectio n - o f '  
the ap p lied  s t re s s .  The energy o f  the v a lle y s  whose symmetry axes are 
p a r a l le l  to the s tre s s  d ire c t io n  i s  lowered w ith  resp ect to the energy o f  
the e q u iva le n t v a lle y s  which are not p a r a l le l  to the d ire c t io n  o f the 
a p p lied  s t re s s .
-30-
The s h i f t  o f the conduction band edge under u n ia x ia l s tre s s  i s  
re la te d  to the s i x  s t r a in  components, so the e q u a tio n (3 .2) may be 
w ritte n  as
SE = I 5 . 5 ,  (3 .7 )
j = i  3 3
Since the s t r a in s  are s m a ll, 1%, the change in  energy w ith  s t r a in  may 
be described by a f i r s t  order dependence, 5  ^ assumed independent o f  the 
s t r a in .  Using the d e f in it io n s  o f and 5^ given e a r l ie r  and from 
symmetry co n sid e ra tio n s, the energy s h i f t  o f  the v a lle y s  in  the <100> 
d ire c t io n  due to (100) s t re s s  i s  g iven  by 
<5E
fix
(100) _
(100) ~(-d + 3 “u^  + 2 3-1 ^11 2 '
‘3 5u (S 11 ~ S 12) '
[ 100]
5u CS11 ‘  S 12} -  [010], [001]
(3 .8 )
S im i la r ly  the s h i f t  o f <111> v a lle y s  due to (111) s t re s s  i s
6E ( 111)
d l l )
S3“u 44
+ is  S 9 u 44
-[111]
J i l l ] , [ 1 1 1 ] , [ 1 1 1 ] (3 .9 )
F ig .  3.3 i l lu s t r a t e s  the movement o f  the vario u s v a lle y s  o f the
conduction band o f  GaAs w ith  resp ect to the average p o s it io n  o f the
valence band under (100) and (111) s t r e s s .
The degeneracy o f the valence band a k = o i s  a lso  l i f t e d  by
u n ia x ia l s t r e s s .  Th is  su b je ct has been d iscu sse d , in  some d e t a i l ,  by 
(48 49 50)se ve ra l authors * * . The valence band edge a t  k = o w ithout any
s t r a in  i s  fo u r-fo ld  degenerate separated by a tw o-fo ld  degenerate band s p l i t  
o f f  by the sp in  o rb it  in te ra c t io n . The a p p lic a t io n  o f  a u n ia x ia l s tre ss  
s p l i t s  the heavy and l ig h t  hole bands and i t  i s  know/i5*' that the heavy 
hole band moves upwards whereas the l ig h t  hole band moves downwards in  
energy r e la t iv e  to t h e ir  average p o s it io n . A lso  because o f  the h y d ro sta tic
-31-
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F IG . 3.3  MOVEMENT OF GaAs CONDUCTION BAND MINIMA RELATIVE TO THE 
MEAN POSITION OF THE VALENCE BAND.
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pressure component o f the s t r a in ,  the average p o s it io n  o f  these bands
as w e ll as that o f  the s p in -o r b it  s p l i t  o f f  band i s  s h ifte d  r e la t iv e  to
the conduction band, as i l lu s t r a t e d  sch e m a tica lly  in  F ig .  3 .4 , The
three va lence bands are la b e lle d  as v^ , v 2 , and th e ir  energies
r e la t iv e  to the conduction band minimum as E^, E 2, E^ re s p e c t iv e ly .
Under (100) s tre s s  the energies o f  these bands a t k = o, assuming
th a t the s p l i t t in g ,  6E, between heavy ho le and l ig h t  hole bands i s
(501sm alle r than the s p in -o r b it  s p l i t t in g ,  can be w ritte n  a s v :
Where SE^ = a ( s ^  +2 s12) X ^ qq-j = x P i s  the s h if t  o f  the energy
upper valence bands and b i s  defined as the deformation p o te n t ia l constant 
o f  the valence band.
S im ila r ly  under (111) s t re s s  the energies o f the three valence 
bands a r e :-
AE 1
100)
AE 2
( 100)
AE3
100) (3.10)
dE
gap E , due to the h y d ro sta tic  component o f the s t r a in ,  and
o
^ lO O  = 2 k ^Sl l  ~ s 12  ^ ^(100) l s  * inear s p l i t t in g  o f the
111)
aE2
111)
AE3
(111) (3.11)
E 3
E? E1
Elk)
' s  V| 
, 5 E
H  v2
V 3
k
F IG .  3 . 4  BARD STRUCTURE OF GaAs FOR THE LOWEST CONDUCTION BAND 
ARD HIGHEST VALENCE BAND AND IT S  STRESS DEPENDENCE.
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Where SEp i s  the same as defined before but
<5E is  the s p l i t t in g  o f the upper valence bands under the
(111) s tre s s  and i s  given by = (— ) s 44 where d i s  again
v3T
defined as the deformation p o te n t ia l constant o f  the valence 
band.
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CHAPTER 4
EFFECTS OF PRESSURE ON ELECTRON TRANSPORT
4 .1 . HYDROSTATIC PRESSURE
The co n d u ctiv ity  o f a semiconductor w i l l ,  in  ge n e ra l, be 
a ffe cte d  by pressure i f  e ith e r  the p ro p e rtie s  o f  the band minima 
norm ally occupied by the charge c a r r ie r s  change or the c a r r ie r s  tra n s fe r  
to another energy s ta te . S in ce  the e ffe c ts  o f pressure on c o n d u c tiv ity  
o f  an in t r in s ic  semiconductor are more pronounced than those o f  the 
e x t r in s ic  sem iconductor, we co n sid er the two cases se p a ra te ly .
4 .1 .1 . In t r in s ic  Conduction
In  an in t r in s ic  semiconductor the number o f  mobile c a r r ie r s  
derived  from im p u ritie s  i s  sm all compared to the number o f  e le ctro n -h o le  
p a ir s  which are created by thermal e x c ita t io n  o f  the e le ctro n s across the 
energy gap. The d e n sity  o f  these e x c ite d  c a r r ie r s ,  in  in t r in s ic  
sem iconductor, may be w ritte n  a s : -
Where N^ , and Ny are the e f fe c t iv e  d e n sity  o f  s ta te s  o f conduction and 
valence bands re sp e c t iv e ly  -  which are in  turn re la te d  to the e f fe c t iv e  
masses o f  the c a r r ie r s  by
Where i  can be e ith e r  C o r V rep resen tin g  the conduction o r the valence 
bands.
The c o n d u ctiv ity  o f an in t r in s ic  sem iconductor, where n = p has 
the form :-
n = p = (Nc Ny X  exp (
E
(4 .1 )
JL = 2 (2 tt k BT/h2) 3/z (m*)3/2 (4 .2 )
o = n e (un + y ) (4.3)
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From equations (4 .1 ) and (4 .3 ) i t  fo llo w s th a t:
i E
a = e [(Nc Nv) 5 (un + pp) exp ( -  ) ]
E
In  a = | In  (Nc Ny) + In  (yn + u ) - + In  e
r  g
j  j  a 1 dE
dp[ln = 2 JP Cln ^N C N v D  + Jp [In (yn  + Up)] - 2 k I T  d P ^  ^4 *4 ^
B
I t  can be shown th a t the f i r s t  two term s, which represent the rate
o f  change o f d e n sity  o f  s ta te s  o f  the conduction and valence bands and
the ra te  o f change o f m o b ility  o f  c a r r ie r s  tend to cancel one another
in  the cases where the io n ize d  im p u rity  sc a tte r in g  i s  m inim al. The
exponential v a r ia t io n  in  n and p w ith E , as shown in  equation (4 .1 ) ,
S
can on the other hand be very la rg e  s in ce  change in  E w ith  pressure can
8
be se ve ra l k^T hence a la rg e  v a r ia t io n  in  co n d u ctiv ity  r e s u lt s .
S ince  the pressure e f fe c ts  in  in t r in s ic  m ate ria l g ive  an almost 
d ire c t  measure o f the v a r ia t io n  o f the energy gap w ith p re ssu re , they 
can be used to determine the pressure  c o e ff ic ie n ts  o f d if fe r e n t  minima
very a c cu ra te ly . Such measurements on u ltra -p u re  germanium are reported
l
in  Chapter 7 fo r  the p ressure  c o e ff ic ie n t s  o f the L^c and A^c minima.
4 .1 .2 . E x t r in s ic  Conduction
In  e x t r in s ic  sem iconductors most o f  the charge c a r r ie r s  which take 
p art in  conduction are provided by shallow  donors or acceptors whose 
a c t iv a t io n  energy does not change ap p re ciab ly  w ith p re ssu re . The 
in t r in s ic  c a r r ie r s  can u s u a lly  be neglected . Equation (4 .1) does not 
apply in  t h is  case and the d e n s it ie s  o f  n and p w i l l  be in s e n s it iv e  to 
p ressure . The main e f fe c t  o f p ressure  on co n d u c tiv ity  would, in  th is  
case, come through the term :-
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[In  (un + yp) ] o f  equation (4 .4 )
which fu rth e r reduces to
Hi, [m  n] (4-5)
Where y i s  the e le ctro n  or hole m o b ility  fo r  n and p-type m ateria l 
re s p e c t iv e ly . Only the behaviour o f n-type semiconductor under pressure  
w i l l  be d e a lt  w ith here. T h is  can be d iv id ed  as fo llo w s.
(a) Changes w ith in  the v a l le y : -
In  the low pressure  reg io n  the co n d u ctiv ity  o f a n -type semiconductor
shows a weak pressure  dependence. T h is  i s  because the e le ctro n  e f fe c t iv e
mass changes w ith in  the v a l le y ,  and in flu e n ce s y through equation (4 .5)
as they move away from the valence band under p ressure . The change in
e f fe c t iv e  mass can be ca lc u la te d  from the k .p  theory, described in  d e ta il
in  Chapter 2. In  g e n e ra l, an in cre a se  in  energy gap w ith  p re ssu re , w i l l
cause an in crease  in  the e f fe c t iv e  mass o f the e le ctro n s approxim ately
p ro p o rtio n a l to E i f  E »  A the sp in  o rb it  s p l i t t in g .  T h is  w i l l  cause 
S §
Ta change in  m o b ility  s in c e  y * (m*) where r  depends on the s c a tte r in g
3
mechanism p resen t. For p o la r  o p t ic a l sc a tte r in g  r  = - ^  and fo r  deformation
5
p o te n t ia l s c a tte r in g  r  = —^  • In  both these cases a decrease in  m o b ility  
hence a decrease in  c o n d u c tiv ity  w ith pressure i s  observed. But fo r  
io n ize d  im p u rity  s c a t t e r in g ,  s in ce  r  = + §, m o b ility  w i l l  in crease  with 
p re ssu re .
(b) E le c tro n  T ra n sfe r  E f fe c t
The r e la t iv e  p o s it io n s  o f the band minima under p ressure  changes 
s ig n if ic a n t ly  which g ive  r is e  to the e le ctro n  t ra n s fe r  e f fe c t .  The 
e le ctro n s tra n s fe r  to the h ig h e r approaching minima where t h e ir  m o b ility  
may be very d if fe r e n t  and t h is  re d is t r ib u t io n  o f e le ctro n s among the 
bands g ive s r is e  to change in  the average m o b ility  o f  the e le c tro n s . k 
The d e n sity  o f e le ctro n s in  each minimum, i ,  can be w ritte n  a s : -
Where i s  the e f fe c t iv e  d e n sity  o f s ta te s , as a lread y defined by 
equation (4 .2 ) and Ep i s  the Fermi energy.
For two bands i t  fo llo w s from equation (4 .6 ) th a t
n2 N2 -AE 7,
^  = N7 eXP i^ T  (4 *7)
Where AE i s  the energy se p aratio n  between the two s ta te s .
I f  the c o n d u c t iv ity  in  s ta te  1 i s  given by = n^ e y^ and th a t in  
sta te  2 by = n2 e F2 tken 'total c o n d u c tiv ity
+ a2 = e (n^ y^ + n2 y2)
w i l l  change w ith pressure  as the r e la t iv e  populations o f the sta te s  
change. A lso  the c a r r ie r  concentration  may be c o n tro lle d  by a deep 
im p urity  le v e l fo r  which y = o [ t h is  i s  commonly observed in  I I I - V  
compounds but has not been seen in  n -type germanium as w i l l  be d iscu ssed
in  Chapter 6 ] .  I f  t h is  le v e l sta y s f ix e d  r e la t iv e  to the valence band
<
then when the conduction band minimum moves away w ith  a p p lie d  p re ssu re , 
e le ctro n s w i l l  ’ trap  o u t’ to t h is  im p urity  le v e l and the c o n d u c t iv ity  
w i l l  decrease.
(c) N on-Equivalent In t e r v a lle y  S c a tte r in g
At atm ospheric pressure  and a t  low e le c t r ic  f ie ld s  the e le ctro n s 
are at the bottom o f the norm ally  occupied minima and do not s c a tte r  
to the h ig h e r ly in g  minima, hence the non-equivalent v a l le y  s c a tte r in g  i s  
n e g lig ib le .  However, w ith  the in cre a se  o f p re ssu re , as the bands approach 
one another, the n o n -eq u iva len t in t e r v a lle y  s c a tte r in g  in c re a se s . I t  i s  
maximum near the band cro ss-o v e r  where the two minima are at the same 
energy. A fte r  the cro ss-o v e r when the s a t e l l i t e  v a lle y s  move few k pT 
below the lowest minima, at atm ospheric p re ssu re , a l l  the e le ctro n s are 
tra n sfe rre d  to t h is  minima. The non-equivalent in t e r v a lle y  s c a tte r in g
once again becomes n e g lig ib le  so the co n d u c tiv ity  tends to sa tu ra te .
4 .2 . UNIAXIAL STRESS
Under u n ia x ia l s t re s s  the changes in  e f fe c t iv e  mass o f e le c tro n s , 
as d iscussed  under h y d ro s ta t ic  p re ssu re , are about two orders o f 
magnitude sm a lle r. The observed la rg e  changes in  c o n d u c t iv ity , under 
u n ia x ia l s t r e s s ,  have been exp la ined  by Smith^28  ^ and H e rrin g ^ 8^  in  
terms o f the e le ctro n  tra n s fe r  e f fe c t  and the in t e r v a lle y  s c a tte r in g  
among the v a lle y s  whose degeneracy i s  l i f t e d  by s t r e s s .  We have d iscu sse d  
the e f fe c t  o f u n ia x ia l s t re s s  on the band stru ctu re  in  Se ctio n  3 .2 . Now 
we co n sid er how those changes in  band stru ctu re  a f fe c t  the e le ctro n  
tra n sp o rt.
The e f fe c t  could e a s i ly  be understood by co n sid erin g  the case o f 
s i l i c o n .  The constant energy su rfa ce s are e l l ip s o id s  o f  re v o lu tio n , 
which have t h e ir  main a x is  along the cubic d ire c t io n s , as shown in  
F ig . 4 .1 . The lo n g itu d in a l mass i s  about f iv e  times la r g e r  than the 
transverse  mass, so th a t the m o b ility  fo r  each v a lle y  i s  co n sid e rab ly  
a n is o tro p ic . But s in ce  in  an u n stra in e d  s ta te  the minima are degenerate 
and are occupied by the same number o f  e le ctro n s the cu b ic  symmetry 
requirements made t o t a l m o b ility  is o t r o p ic .  Now suppose u n ia x ia l s tre s s  
i s  ap p lied  in  the (100) d ire c t io n  as a r e s u lt  o f which the degeneracy i s  
l i f t e d  and symmetry destroyed. The energy o f the (010) minima in cre a se s 
whereas that o f (100) decreases w ith  resp ect to the valence band. The 
e le ctro n s are tra n sfe rre d  from the h ig h e r v a lle y s  in to  the lower ly in g  
v a lle y s .  T h is  po pu latio n  tra n s fe r  e f fe c t  im p lies an unequal number o f 
e le ctro n s in  the v a l le y s .  In  the case o f e l l ip s o id a l  energy su rfa ce s, 
as shown, the m o b ility  in  the (100) v a lle y s  i s  sm alle r in  the x -d ire c t io n  
than in  y -d ir e c t io n .  Consequently the o v e ra ll co n d u ctiv ity  becomes 
a n is o tro p ic  w ith the sm a lle r  value in  the (100) d ire c t io n  and continues 
decreasing w ith the in cre a se  o f  s t r e s s .  On the other hand a compression
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in  the (111) d ire c t io n  w i l l  a f fe c t  a l l  the v a lle y s  in  the same way so 
no e le ctro n  t ra n s fe r  can occur and hence no change in  m o b ility  or 
co n d u c tiv ity .
Another im portant co n tr ib u tio n  to the p ie zo re s is ta n c e , as a 
consequence o f the r e la t iv e  s h i f t  o f the v a lle y s ,  i s  the in t e r v a lle y  
s c a tte r in g . The e q u iva le n t in t e r v a lle y  s c a tte r in g  in  s i l i c o n  i s  
b e lie ve d  to be a com bination o f "g" s c a tte r in g  and " f"  s c a tte r in g  as 
a lread y  shown in  F ig .  2 3  6. A q u a n tita t iv e  eva lu atio n  o f  both the 
e le ctro n  tra n s fe r  and the in t e r v a lle y  s c a tte r in g  e f fe c ts  i s  given in  
re fe re n ce s(5 2 ,5 3 ).
CHAPTER 5
APPARATUS AND EXPERIMENTAL TECHNIQUES
5 .1 . INTRODUCTION
S tre ss  can be ap p lied  to a s o l id  in  two w ays:-
(a) H y d ro sta tic  pressure
(b) U n ia x ia l compression or tension.
The range o f tru e  h y d ro s ta t ic  pressure i s  lim ite d  to o n ly  30 k -b a r
because the most commonly used p ressure  tra n sm itt in g  f lu id s  free ze  at o r
below t h is  pressure  at room tem perature. But re c e n tly  a m ixture o f
m ethanol:ethanol in  the r a t io  o f  4:1 has s u c c e s s fu lly  been used by many 
f54 13)workers * to achieve p re ssu re s o f  about 100 k -b a r at room
(55)temperature. More re ce n tly ^  a pressure o f  ^ 250 k -b a r  has been 
achieved by u sin g  the above medium and the diamond a n v il c e l l .
Norm ally p ressures beyond 30 k -b a r are obtained by u s in g  s o l id  
pressure tra n sm itt in g  media such as epoxy re s in  or Na £1 e tc . These 
systems produce n o n -h y d ro sta tic  s tre ss e s  below about 15 k -b a r , but the 
media then begins to flow and produce a good approxim ation to h y d ro s ta t ic  
pressure a llo w in g  p re ssu re s g re a te r than 100 k -b a r  to be achieved. The 
h y d ro s ta tic  pressure  apparatus used fo r  th is  work was developed by the 
S .T .L .  h igh  pressure  group fo r  H a ll e f fe c t  and r e s i s t i v i t y  measurements 
and c o n s is ts  o f  a liquid-m edium  p isto n  and c y lin d e r  d evice fo r  pressures 
to 18 k - b a r a n d  a s o l id  medium Bridgman opposed a n v il device fo r  
pressures up to -  100 k -b a r.
5 .2 . THE BRIDGMAN OPPOSED ANVIL APPARATUS
A schem atic diagram o f  the apparatus assembly i s  shown in  F ig .  5 .1 . 
The a n v ils  used are made o f  tungston carbide and are 3.8 cm in  diameter 
w ith a 6° taper le a d in g  to 1.6 cm diameter f la t s .  The m ild  s te e l ja ck e ts  
o f 10.2 cm diam eter around the a n v ils  not on ly provide support fo r  the
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a n v ils  but a lso  enhance the magnetic f lu x  obtained by magnetic c o i ls  
as shown in  F ig .  5 .1 .
The magnetic f ie ld  c o i l s ,  which c o n s is t  o f 600 turns o f 24 S.W.G. 
copper w ire , supply the magnetic f ie ld  necessary fo r  H a ll e ffe c t  
experim ents. Load i s  ap p lied  by a 500 ton h y d ra u lic  press to the 
a n v ils  through m ild  s te e l four column d ie  s e t . Low temperature measure­
ments down to 100°K can be made, in  t h is  se t up, by pumping l iq u id  
n itro ge n  through the in su la te d  copper c o i l  surrounding the a n v i ls .  A 
s t r a in  gauge lo a d -c e ll i s  used to measure the load.
Recently  a s im ila r  apparatus, as described  above, has been 
developed at Surrey U n iv e rs ity  w ith a f a c i l i t y  fo r  sim ultaneous o p tic a l 
and e le c t r ic a l  measurements as a fu n ctio n  o f  p re ssu re . A bundle o f 
o p t ic a l f ib r e s  has been fed through the bottom a n v il through which l ig h t  
p u lses could be transm itted  to the sample and p h o to co n d u ctiv ity  measurements 
could be made.
5 .2 .1 . The High Pressure (S o lid  Medium) C e ll
The sample to be p re ssu rise d  was encapsulated in  epoxy re s in  at the 
centre o f an epoxy loaded MgO r in g .  The r in g s ,  w ith dimensions as shown 
in  F ig .  5 .2 , were made in  a mould by cu rin g  a suspension o f  in d u s t r ia l 
(coarse g ra in ) MgO in  epoxy re s in  a t 120°C fo r 24 hours. I f  f in e  gra in  
MgO (norm ally used fo r  chem ical purposes) was used then the r in g s  were 
found e a s i ly  expandable under pressure  w ith the r e s u lt  th a t they did not
= f  n-v-- H-U iv, < .esw ithstand h igher p ressure . The reason fo r  t h is  i s  that the f in e  p a rtic l<
j g p  .: J [  '" 'Z *  ’• V* V ' I
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to the l'equired s iz e .  Grooves were then cut to h a lf  the h eigh t o f the 
r in g s  to take sample leads and thermocouple as shown in  F ig .  5 .2 . The 
r in g  was then p laced on a sheet o f Mylar and epoxy re s in  was poured in to  
the centre o f the r in g  and allowed to flow in to  the grooves. The c lo v e r 
le a f  sample was cut w ith  an u lt ra s o n ic  cu tte r . T in  dots were a llo y e d  
and leads soldered to the four lobes o f the c lo v e r  le a f .  Th is  sample 
was then p laced a t the centre o f the above prepared r in g  such that the 
leads passed through the grooves. Care was taken to e lim in a te  any a i r  
bubbles from the centre o f  the r in g  to e lim inate  the chances o f pressure  
lo s s .  Another sheet o f Mylar was p laced on the top o f the c e l l  and the 
c e l l  was clamped between these sheets o f  Mylar and cured fo r  two hours 
a t 80°C and at 120°C fo r  about twenty-two hours. A fte r  c u rin g , the sheets 
were removed and both s id e s  o f  the c e l l  were roughened by a b rasive  paper.
Fine w ires were connected to the sample leads fo r  e xte rn a l e le c t r ic a l  
c i r c u i t  and these leads were then in su la te d  by u sin g  0.01mm th ic k  
M ylar sheets w ith holes cut to the s iz e  o f the c e l l .  These sheets not 
on ly  provide in s u la t io n  but a lso  a support fo r  the sample th in  le a d s.
A d isp e rs io n  o f je w e lle r 's  rouge in  methanol was pain ted  on each s id e  o f 
the c e l l .  Th is a f t e r  evaporation o f  methanol provides a uniform  co atin g  
o f the h igh  f r ic t io n  rouge and which prevents the c e l l  from s lip p in g  
between the a n v i ls .  The c e l l  i s  then p laced c e n t r a lly  between the 
a n v il f la t s .
A p p lica t io n  o f  load to the c e l l  causes the MgO r in g  to expand 
outwards and re s in  to flow . E v e n tu a lly  w ith the in cre a se  o f  load i t  
" lo cks on" by f r ic t io n  to the a n v il face e xe rtin g  p ressure  on the sample 
at the centre o f the c e l l  through the pressure tra n sm itt in g  media. In  
the pressure region  o f deform ation o f  the MgO r in g  i . e .  below about 15 k -b a r , 
the sample may be subjected  to n o n -h yd ro static  stre sse s  but above 15 k -b a r  
the pressure becomes h y d ro s ta t ic  in  nature. Measurements are p o ss ib le  d uring  
the lo ad in g  o n ly  s in ce  the system i s  in e la s t ic  and the p ressure  i s  not known
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on unloading. The dimensions o f  the gasket as shown in  F ig .  5.2
are chosen, such that the r a t io  o f the outer diameter to th ickn e ss
o f the r in g  i s  10, to ensure th at the sample did not fra c tu re  before
70 k -b a r. Gaskets w ith  sm alle r r a t io  su ffered  la rg e  p la s t ic  deformation
(57)r e s u lt in g  in  c r y s t a l fra c tu re
5 .3 . THE PISTON AND CYLINDER APPARATUS
A schem atic diagram o f the apparatus i s  shown in  F ig .  5 .3 . The
c y lin d e r  i s  made o f hot-worked d ie  s te e l and has an outer diam eter o f
15 cm and h e igh t o f 8.75 cm. T h is  i s  pressed in to  a s te e l r in g ,  o f
outer diameter 37.5 cm, on a 1° tap er angle. The outer r in g  i s  held  down
by s te e l stra p s to prevent i t  r is in g  on unloading. S a fe ty  spacers are
a lso  p laced between the r in g  and d ie  to prevent cru sh in g  at a sudden
leakage o f  the pressure  tra n sm itt in g  f lu id s .
The th ru st p is to n , shown in  F ig .  5.4 i s  made o f  hardened to o l s te e l
and i s  3.8 cm in  diam eter. Leads to contact term inals a t  the end o f  the
p isto n  are passed out o f the pressure  chamber v ia  hardened s i lv e r  s te e l
term inals ground in to  ceramic sleeves and then through a hole in /th e
p is to n . Although the paths o f the e le c t r ic a l  leads through the p isto n
provide region s o f  s t re s s  co ncentrations thereby reducing the p is t o n 's
com pressive stre n g th , i t  i s  expected that the e xtru sio n  o f  the s i lv e r
s te e l term in als down the ho les w i l l  be the most se rio u s l im it a t io n  o f
(59)t h is  design  a t  h igh  p ressure  . The p isto n  face accommodates e ig h t 
s i lv e r  s te e l te rm in a ls , which are evenly d is tr ib u te d  round the p isto n  
face. At i t s  centre a manganin gauge and a sm all to ro id a l magnetic f ie ld
system are in s t a l le d  and are connected to four o f  the te rm in a ls . The re s t
o f  the four term in als are fo r  sample connections.
A s im ila r  pressure  c e l l  has been developed at Su rrey  U n iv e rs ity  
w ith  a sm alle r diam eter p is to n  which allow s 8 k -b a r to be achieved w ith
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the 60-ton h y d ra u lic  press a v a ila b le .  The p isto n  a lso  has a c e n tra l 
hole through which a bundle o f  o p t ic a l f ib r e s  i s  fed. On the p is to n  face 
a sapphire window i s  p ro vid ed , thus not on ly e le c t r ic a l  but o p t ic a l 
measurements as a fu n ctio n  o f pressure are p o ss ib le . The l iq u id  
pressure tra n sm itt in g  medium used was 1:1 m ixture o f  amyl a lco h o l and ca sto r 
o i l .  Th is medium i s  s u ita b le  fo r  pressure up to 18 k -b a r above which i t  
fre e z e s .
S e a lin g  between p is to n  and sapphire window i s  provided by a th in  
aluminium f o i l  and the se a l around the p isto n  i s  accom plished by a 
combination o f  a neop rene "O -r in g "  and a phosphor bronze r in g .  Below 
4 k -b a r the h igh p ressure  fo rces the bronze r in g  to expand and provide 
s u f f ic ie n t  se a lin g  by about 8 k -b a r. Leakage i s  observed to occur m ostly 
in  the 4-6 k -b a r pressure  range. T h is  i s  the reg io n  where the operation  
o f both r in g s  i s  most in e f f ic ie n t .  One remedy, we have t r ie d ,  to so lve  
th is  problem i s  to a c ce le ra te  the operation o f the phosphor bronze r in g  
by in cre a s in g  the p ressu re  q u ic k ly  up to 8 k -b a r. A fte r  the s e a ls  are 
p ro p e rly  working pressure  could be decreased or in creased  and measurements 
could be made. A backin g  pad, w ith  a U-groove m ille d  in  i t  to accommodate 
the e le c t r ic a l  le a d s, was used on top o f  the p is to n . A fte r  connecting 
the sample to the term in a ls  the p isto n  was immersed in  the l iq u id  medium 
by p la c in g  the p is to n  c a r e fu l ly  in to  the c y lin d e r  bore. Trapping o f  a i r  
was minimized by o v e r f i l l in g  the c y lin d e r  and a llo w in g  the excess o f the 
l iq u id  to leak out. The top d ie  was then lowered slo w ly  on to the p is to n , 
making sure that the e le c t r ic a l  leads are seated c o r re c t ly  in  t h e ir  grooves. 
T h is  i s  checked by r o ta t in g  the p is to n  s in ce  the c o rre ct se a tin g  allow s 
free  ro ta t io n . P ressure  i s  then ap p lied  to the d ie  se t by the 500 ton 
p ress and measurements are made at 1 k -b a r in t e r v a ls  on in c re a s in g  and
t
decreasing  pressure c y c le s .  A fte r  each pressure increment 15-20 minutes 
were allowed to e lapse before a reading was taken, in  order to achieve 
thermal e q u ilib riu m . In  the p ressure  c e l l  developed a t Surrey a thermo­
Icouple i s  provided in  the c y lin d e r  to monitor the temperature o f  the 
pressure tra n sm itt in g  medium a cc u ra te ly . The magnetic f ie ld  fo r  H a ll 
e f fe c t  measurements was su pp lied  by a c o i l  wound around a to ro id  o f 
h igh  q u a lity  m ild  s t e e l.  The c o i l  i s  made o f 870 turns o f  0.18mm 
enamelled copper w ire , w ith  a re s is ta n c e  o f 23.4 ohms. A cu rren t o f  
55mA produced a magnetic f ie ld  o f  1 ± 0.03 kGauss acro ss the 0.75 mm 
to ro id  gap. At t h is  low cu rren t heating e f fe c ts  on the c o i l  re s is ta n c e  
are n e g lig ib le .  The f ie ld  i s  uniform  at the centre o f the pole fa ce s , 
which has an area o f 2 x 1.8  cm2 . The e ffe c t  o f pressure on the to ro id  
magnetic f ie ld  was investigated ^-5^  by measuring the H a ll constant o f 
n-type GaAs as a fu n ctio n  o f  p re ssu re , and i t  was concluded th a t the 
e f fe c t  i s  sm a ll, p o s s ib ly  not more than 0.4%.
5 .4 . PRESSURE CALIBRATION
5 .4 .1 . Pressure C a lib r a t io n  o f  the S o lid  C e ll
The pressure  c a l ib r a t io n  o f  the s o lid  c e l l  was c a rr ie d  out by
observing the load required  fo r  bismuth and Tj. to undergo phase t r a n s it io n s .
The t ra n s it io n s  are known to occur at 25.4 k -b a r fo r  B i ( I - I I ) ,  76 k -b a r
fo r B i ( I I I - V )  and 37 k -b a r  fo r  These f ix e d  p o in ts  on the load-=.
pressure curve shows th a t the c a lib r a t io n  i s  l in e a r  between -  25 and
76 k -b a r. The p ressure  r e p r o d u c ib il it y  was estim ated to be ± 2 k -b a r.
The c a lib r a t io n  curve i s  shown in  F ig . 5 .5 . The reg io n  below 20 k -b a r
was estim ated by making p ie zo re s is ta n c e  measurements on GaAs c r y s t a ls  and
(57)comparing the r e s u lt s  w ith measurements in  the l iq u id  medium apparatus^ J .
Before the s e r ie s  o f experim ents, to be described la t e r ,  the 25.4 k -b a r  
p o in t on the c a l ib r a t io n  curve was checked by u sin g  99.99% pure bism uth.
A p iece to f i t  the centre o f a Bridgman r in g  was cut and contacts to i t  
were made by 0.025 mm diam eter copper w ire , fla tte n e d  a t  the ends, and 
fix e d  in  the grooves o f  the r in g  w ith  MgO loaded epoxy r e s in .  Bismuth was
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held  in  p o s it io n  by two epoxy d is c s .  A constant cu rren t was passed 
through the sample and i t s  re s is ta n c e  was monitored, by observing the 
p o te n tia l d iffe re n ce  acro ss the sample, as the load was a p p lie d . At 
about 18 tons B i underwent a t r a n s it io n  showing a sharp decrease in  
r e s is ta n c e .
A load o f 18 tons on the gasket, dimensions shown in  F ig .  5.2
f l  2 7 )2would produce a p ressure  o f 1 8/[tt — ^— L  ] ^14.2 k -b a r. But the 
t r a n s it io n  pressure o f  B i , as mentioned e a r l ie r ,  i s  e s ta b lish e d  at 
25.4 k -b a r , which g iv e s  a p ressure  m u lt ip lic a t io n  fa c to r  fo r  the s o l id  
c e l l  o f  -  1 .8 .
5 .4 .2 . Pressure C a lib ra t io n  o f  the L iq u id  C e ll
The pressure was monitored by a 100-ohm manganin c o i l  coupled to a 
standard b ridge c i r c u i t ,  as shown in  F ig .  5 .6 . The output o f  the bridge 
i s  connected to a d ig i t a l  m ultim eter fo r  m onitoring the p re ssu re . Before 
ap p ly in g  the lo ad , the b rid ge  was balanced by a d ju st in g  the potentiom eter 
Rq to g ive  zero output, the output i s  then c a lib ra te d  by in tro d u c in g  the 
re s is ta n c e  in * 0 The b rid ge  and then a d ju stin g  the potentiom eter to g ive  
an output o f 17.4mV. R2  ^ s im ulates the re s is ta n c e  o f  the manganin
gauge a t 15 k -b a r. The change in  manganin gauge re s is ta n c e  w ith pressure 
i s  0.2473 q /k-b ar. The p re ssu re -lo a d  curve i s  l in e a r  and i s  shown in  
F ig .  5 .7 .
5 .5 . UNIAXIAL STRESS APPARATUS
5 .5 .1 . In tro d u ctio n
The main d iffe re n ce  between h y d ro sta tic  pressure and u n ia x ia l 
s tre s s  i s  th a t in  the former the symmetry o f the c r y s t a l i s  preserved 
w hile the la t t e r  d estro ys i t .  Under the h y d ro sta tic  p re ssu re , there i s  
a l i t t l e  p o s s ib i l i t y  o f sample fra c tu re . However, w ith u n ia x ia l s tre ss
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F IG . 5*6 MANGANIN GAUGE CIRCUIT DIAGRAM.
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th is  i s  norm ally the main problem. The c r y s t a l may be b r i t t le ,  or 
i t  may c leave e a s i ly ,  l im it in g  the maximum s tre s s  which can be ap p lied  
along symmetry d ir e c t io n s . I t  should be re a lis e d  that i t  i s  almost 
im possib le  to produce a pure u n ia x ia l s t re s s , p a r t ic u la r ly  under com pression, 
s in ce  the ends o f the sample should be p e r fe c t ly  free to move. A good 
approxim ation can be achieved by reducing f r ic t io n  at the a n v il -  sample 
in te r fa c e  by means o f  some m ate ria l w ith a low y ie ld  s t re s s  such as Sn 
o r Au. Shear s tre sse s  must be reduced to a minimum by tak in g  care to 
obtain  good alignm ent and en su ring  that the a n v il su rfa ces are f l a t  and 
p a r a l le l .  For p ressures up to 20 k -b a r tungston carb ide o r sapphire a n v ils  
should be used p re fe ra b ly  w ith  an aspect r a t io  o f 1:1 to avoid a n v il 
f r a c tu re .
Previous methods fo r  the a p p lic a t io n  o f u n ia x ia l s tre ss ' have
included systems o f  w eights, le v e r  and push rods*^3 ’ ^*^, w eights,
beam balance and p u l l in g  fra m e * ^ >^ ^ ,  sp rin g , le v e r  and p u l l in g  fra m e * ^ ’ ^4^
(9)and weights on a p latfo rm  a c t in g  on a s t y lu s v . The systems u sin g  
le ve rs  e tc . have the disadvantage th a t, due to torque, unwanted shear • 
s t re s s  w i l l  be present and should be taken in to  co n sid e ra tio n . The 
use o f a s ty lu s  can a lso  produce la rg e  shear s tre sse s  i f  there i s  a 
s l ig h t  m isalignm ent and w eights means that the s tre s s  cannot be ap p lied  
smoothly at a uniform  ra te .
The apparatus, used in  the experiments described la t e r ,  was f i r s t
(59)suggested by J .  Lees and developed by P ic k e r in g  and Adams J and la t e r  
m odified by the author. I t  i s  o f  a sim ple design operated by a i r  pressure  
a c t in g  on a p is to n . By evacuating  the whole apparatus, la rg e  s tre sse s  can 
be obtained w ith a i r  pressures le s s  than one atmosphere (1 b a r ) , a c t in g  
on the p is to n . The apparatus provides a high degree o f co n tro l o f  the 
rate  o f  a p p lic a t io n  o f  the s t re s s  and the magnitude o f  the s t re s s  can 
e a s i ly  be monitored by means o f  a manometer. A lso , s in ce  the apparatus 
i s  norm ally under vacuum, i t  can e a s i ly  be used at low temperature.
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5 .5 .2 . Apparatus D e scrip tio n
The apparatus, which i s  a p isto n  and c y lin d e r  d evice , i s  shown 
in  F ig .  5 .8 . The upper chamber o f  the apparatus i s  d iv id ed  in to  two 
se c tio n s , above and below the p is to n , by a 1.5 mm th ic k  sheet o f 
neoprene rubber. A downward force  i s  app lied  to the p isto n  by evacuating  
the whole apparatus and then a llo w in g  a i r  to enter the se ctio n  above the 
p is to n . The top p la te  o f  the p is to n , which i s  o f  3 mm th ic k  b ra ss , i s  
10 cm in  diam eter, 4 .5  cm le s s  than the in te rn a l diam eter o f  the upper 
chamber o f the apparatus in  order to reduce e ffe c ts  due to the clampedv 
outer edge o f the rubber diaphragm (edge e f f e c t s ) . A b ra ss annulus i s  
used to support the rem aining area o f the rubber. Care was taken to 
ensure that the p is to n  top i s  f lu s h  w ith the r in g  when a sample i s  in  
p o s it io n  so that the rubber diaphragm l ie s  on the p isto n  in  an u nstra ined  
s ta te .
The hollow tube, and the outer tube in  which i t  s l id e s  are o f 1 .3  mm
s t a in le s s  s te e l about 1 metre long and t h e ir  outer diam eters o f  about
2.2 cm and 2.8 cm r e s p e c t iv e ly .  Three te flo n  sleeves about 2 cm long are
used as guides along the len gth  o f the tube. These guides must not be
t ig h t - f i t t in g  otherw ise f r ic t io n a l  lo sse s  w i l l  occur. But s in ce  the
tube i s  f a i r l y  long a sm all amount o f p la y  i s  allow able w ithout causing
appreciab le  an gu lar m isalignm ent at the anvil/sam ple in te r fa c e . Th is
(59)m isalignm ent was fu rth e r  reduced by u s in g , in i t i a l l y ^  , an anodised 
bush, in  the centre o f  the sample h o ld er, as a guide fo r the upper a n v i l .  
Th is  arrangement worked s a t is f a c t o r i ly  fo r  cubic samples w ith evaporated 
contacts on the opposite faces in  case o f b ulk m a te r ia ls , as shoWn by 
n-type s i l i c o n  r e s u lt s .  S i l ic o n  was used as a te s t  m ateria l to check the 
o v e ra ll performance o f  the system. T h is  set up has drawbacks, to be 
d iscu ssed  la t e r ,  in  the case o f  e p ita x ia l samples. To circum vent these 
drawbacks a four probe method was used and fo r t h is  the sample holder was 
m odified as shown in  F ig .  5 .9 .
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In  th is  case the c e n tra l guide fo r  the upper a n v i l ,  anodised 
bush, was removed and i t s  e f fe c t  was compensated by in c re a s in g  the 
length  o f  the sample holder from 20 mm to 60 mm. The e le c t r ic a l  
connections to the sample were made through the a i r  t ig h t  m iniature 
co a x ia l connectors as shown in  the sample ho lder. A tungsten carb ide 
a n v il,  a c y lin d e r  o f diam eter o f length  2 mm, i s  embedded in  s t a in le s s  
s t e e l,  which i s  in su la te d  from the p isto n  by p a xo lin  as shown. The 
sample i s  s itu a te d  between t h is  and a s im ila r  a n v il in  an assembly which 
i s  com pletely o f  s t a in le s s  s t e e l.  A b rass d is c  and a p rin te d  c i r c u i t  
board i s  used in  such a way th at the top su rface  o f  the lower a n v il i s  
f lu s h  with i t .  The whole apparatus i s  a i r  t ig h t ,  se a ls  at the top being 
rubber "0” r in g s  w hile  those at the bottom are o f indium to w ithstand 
low temperatures as req u ired . The low temperatures are achieved by 
immersing the sample ho lder in  a dewar co n ta in in g  l iq u id  n itro g e n . The 
temperature i s  monitored by means o f a chrome1-Alumel thermocouple f ix e d  
w ith indium in to  a b lin d  hole in  the upper a n v il assem bly, as shown in  
F ig .  5 .9 . A p isto n  r a is in g  mechanism i s  incorporated in  the upper p art 
o f  the apparatus, access to which may be obtained by removing the p la te  
co n ta in in g  the feed through connector fo r the thermocouple.
5 .5 .3 . Operation o f the Apparatus
A ro ta ry  pump i s  connected to the upper chamber o f  the apparatus by 
means o f a system o f v a lv e s , as shown in  F ig .  5 .1 0. S tre s s  i s  ap p lied  to 
the c r y s t a l by evacuating the whole apparatus and then s lo w ly  a llo w in g  a i r  
to enter the se ctio n  above the p is to n  through a needle v a lv e . Th is  a llow s 
the s tre s s  to be in creased  very s lo w ly , e .g . 1 k -b ar in  10 m inutes, and 
reduces the r i s k  o f premature c r y s t a l fra c tu re . The lower p a rt o f  the 
apparatus i s  maintained under vacuum by continuously  evacuating i t  w hile  
s tre s s  i s  a p p lie d . C lo s in g  the needle valve allow s a constant s tre s s  to 
be m aintained or s t re s s  may be reduced slo w ly  by re -e va cu a tin g  the upper
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se ctio n  through the needle v a lv e .
The d iffe re n c e  in  a i r  pressure above and below the p isto n  i s  
measured by a manometer and from the knowledge o f  the area o f the top 
p la te  o f the p isto n  and th a t o f  the sample, the,pfy2£f a c t in g  on the 
c r y s t a l can be found. Assuming no f r ic t io n a l  lo s s e s , the s tre s s  a c t in g  
on the c r y s t a l i s  sim ply  the fo rce  d iv id ed  by the c r y s t a l area. Even at 
zero d if f e r e n t ia l  a i r  p re ssu re , the weight o f  the p isto n  a cts  on the 
c r y s t a l and t h is  must be taken in to  account. The weight o f the p isto n  i s  
kept to a base minimum w h ile  s t i l l  having the required  strength  and i s  
equal to 1.04 Kg. The s t r e s s ,  x> on The sample can be c a lc u la te d  fro m :-
HD A 10 6 W I q-6
A2 X 1.0197 A2 1.0197
Where H i s  the d iffe re n c e  in  the le v e ls  o f Hg columns in  cm.
D i s  the d e n sity  o f Hg (13.6 gm cm-3 ) .
A i,  A2 are the areas o f the top p la te  o f the p isto n  and o f  the sample 
re s p e c t iv e ly .
W i s  the weight o f the p is to n .
The fa c to r  10_6/1.0197 converts gm cm"2 to k -b a r.
With a top p la te  10 cm in  diam eter, the maximum s tre s s  o b ta inab le  on a
0.5  mm x 0 .5  mm sample i s  ~ 30 k -b a r. However, fo r  samples o f  d if fe r e n t  
are as, the top p la te  and supporting r in g  may be rep laced  by d if fe r e n t  s iz e s  
to achieve the req u ired  a v a ila b le  s t re s s .
5 .5 .4 . A n v il and Sample P reparation
A fte r  every few run s, or whenever the a n v ils  are scratched  o r 
p it te d , the a n v ils  are rep o lish e d  to o p t ic a l f l a t s .  S t a in le s s  s te e l 
p o lis h in g  d isc s  w ith holes in  the centre are placed over the a n v ils  such 
that the upper su rfa ce  o f  the d is c s  are f lu sh  with the a n v ils  top su rfa ce . 
T h is  combination i s  then p o lish e d , f i r s t  on a 3 ym diamond p o lis h in g
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wheel and f i n a l l y  on a 1 ym wheel. A fte r  se ve ra l p o lis h in g s  the a n v ils  
may become domed and they are then skimmed f la t  by g rin d in g  with diamond 
paste (6 ym down to 1 ym su c c e s s iv e ly )  on a p iece o f o p t ic a l ly  f l a t  g la s s .
The a n v ils  are cleaned w ith iso p ro p y l a lco h o l. Sm all p ieces o f 
-  1 ym th ic k  gold f o i l  (99.99% pure gold) or f in e  m ylar sheet (2 .5  ym) 
are then pressed on each a n v il su rface  in  order to produce as pure u n ia x ia l 
s tre s s  as p o ss ib le . The e f fe c t  o f  any sm all im perfection  in  the a n v il 
su rface  e .g .  < 1  ym should a lso  be reduced by the go ld  o r m ylar. Pure gold 
i s  used because the presence o f im p u rit ie s  would in crease  i t s  y ie ld  stre n g th  
p a r t ic u la r ly  a t low tem peratures.
The samples used in  these experiments were n -type GaAs grown by 
liq u id  e p ita xy  on s e m i-in s u la t in g  su b stra te s. The s l ic e s  were cleaned and 
ohmic co n ta cts, Au-Sn, were evaporated in  the co n fig u ra tio n , as shown in  
F ig .  5 .1 1 (a ) , by u sin g  p h o to lith o g ra p h ic  masking techniques. The s l i c e ,  
a f te r  a llo y in g  a t  525°C fo r  three minutes in  the stream o f hydrogen, was 
diamond sawn in to  1 mm x 0 .5  mm p a ra lle lo p ip e Jssu c h  th at each sample 
contained fo u r e le ctro d e s. The samples, a fte r  c le an in g  by b o il in g  in  
methanol and tr ic h lo ro e th y le n e  a lte r n a te ly , were glued in  sm all grooves 
o f 0.5 mm th ic k  (5 .0  mm x 5.0  mm) p ieces o f p a xo lin  on which four gold 
tapes were stuck down u sin g  se llo ta p e  as shown in  F ig .  5 .1 1 (c ) .  Paper 
glue was used to hold the samples in  the grooves because i t  does not get
very hard when dry to a f fe c t  the s t r e s s .  Gold w ires were attached between
\
the e lectro des and the go ld  tapes by a pulse t ip  bonder. The c ro ss - 
se c t io n a l area o f the sample was measured by using a t r a v e l l in g  m icroscope. 
The s id e s o f the sample to which s t re s s  i s  to be ap p lied  were etched w ith 
3 H2 SO^ + 1 H2 02 + 1 H2 0 fo r  a few seconds to remove the c u tt in g  damage. 
The sample was then p laced in  the sample ho lder on a sm all p rin te d  c i r c u i t  
board and e le c t r ic a l  connections were made as shown in  F ig .  5 .1 1 (d ). One 
o f the term in als o f the p rin te d  c i r c u i t  board was soldered to the b rass 
d isc  o f the lower a n v il which i s  in  contact with the body o f  the apparatus
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ancl serve as a common te rm in a l. The current was passed between the two 
outer e lectro des and vo ltage  was measured across the in n er two e le ctro d e s. 
The upper a n v il was p laced  on the sample c a r e fu lly  not to damage the 
sample and then the assembly was f ix e d  in  p o s it io n  at the bottom o f the 
apparatus.
5 .6 . .CALIBRATION
Although s t r e s s  could be c a lc u la te d  d ir e c t ly  from equation (5 .1 ) i t  
was a lso  p o ss ib le  to check the o v e ra ll system by measuring the p ie zo ­
re s is ta n c e  o f n -type s i l i c o n .  Cubic samples with s id e s o f  about 0 .5  mm 
were diamond sawn from a s l i c e  having t y p ic a l c a r r ie r  concentration  o f
1.5 x 1016cm"3 and r e s i s i t i v i t y ,  p = 0 .7  S2 cm. Ohmic contacts were 
achieved by d if fu s in g  Cr-Au on both s id e s . The change in  r e s i s t i v i t y  
with s tre s s  at room temperature on in cre a s in g  and decreasing s t re s s  i s  
measured and shown in  F ig .  5 .1 2 . The re s u lt s  were co n s iste n t from 
sample to sample and, as can be seen, are reproducib le  on the decreasing  
s tre s s  c y c le  as w e ll showing n e g lig ib le  f r ic t io n a l  lo sse s  or damage to 
the sample. The r e s u lt s  a t  77°K were a lso  obtained and compared with 
theory, as shown in  F ig .  5.13 fo llo w in g  S m ith 's* * ^  a n a ly s is .
The s i l i c o n  band s tru c tu re  and i t s  s tre ss  dependence has a lread y  
been described in  Chapter 4. Under (100) u n ia x ia l s t re s s  the energy o f 
the two v a lle y s ,  having axes along the s tre ss  d ir e c t io n , i s  lowered w ith  
resp ect to the other fo u r "p erp en dicu lar" v a lle y s  as a lre a d y  shown in  
F ig .  4 .1 . Thus e le ctro n s  t ra n s fe r  from the la t e r  to the form er. S in ce  
the m o b ility  i s  now determined by the lo n g itu d in a l e f fe c t iv e  mass, , 
which i s  g re ate r than the tra n sve rse  e f fe c t iv e  mass, m ,^ the r e s i s t i v i t y  
measured in  th is  d ire c t io n  i s  expected to in crease  w ith s t r e s s .  S ince  
the re s is ta n c e  v a r ia t io n  w ith  s t re s s  i s  on ly  lin e a r* 65  ^ fo r  sm all s tre sse s  
(< 1 k -b ar) one has to take in t e r v a lle y  s c a tte r in g  in to  account to 
analyse the r e s u lt s .
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F IG . 5 .13 NORMALISED R E S IS T IV IT Y  Vs <100> STRESS 
FOR N-TYPE SILICON at 77 K .
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For e q u iva le n t in t e r v a lle y  s c a tte r in g  both f f ’ and 1g * s c a tte r in g s ,
as d iscu ssed  e a r l ie r ,  were considered. High temperature phonons (0 -  600K)
are b e lie ve d  to p a r t ic ip a te  in  f - s c a t t e r in g  w hile  a low temperature
(0 -  134K) cause g -s c a t t e r in g * ^ ^ . When a h igh  s tre s s  causes s p l i t t in g
o f the v a lle y s  by a few kpT, f - s c a t t e r in g  w i l l  be com pletely e lim inated
and therefore  the re la x a tio n  tim e, r ,  i s  dependent on s t r e s s .  However,
at low temperature ( -  77K), even at zero s t r e s s ,  f - s c a t t e r in g  i s  n e g lig ib le * ^ ^
hence the re la x a tio n  tim e, t , i s  now s t re s s  independent. One should have
to use r e la t iv e ly  pure samples because at low temperatures im p urity  s c a tte r in g
would be dominant. The r e s i s t i v i t y ,  norm alized to zero s t r e s s ,  may be 
(68)w ritte n  as:
[see Appendix A]
p (2K + 1 ) Cl + 2 exp -  ^
p7 = ,  f , AE (5 ‘ 21o 3 (X + 2K exp - =—=■
KB
Where AE i s  the s p l i t t in g  o f  the v a lle y s  and i s  equal to E
ytfrom equation (3 .8 ) .  Where x i s  the s t re s s  and K = —  (m o b ility  an isotropy 
f a c t o r ) , The m o b ility  an iso tro p y fa c to r , K, could be found from:
Jj- * j  (2K + 13 ( S .3)
o
Here p/pQ i s  the sa tu ra tio n  value o f  the r e s i s t i v i t y  when v i r t u a l ly  a l l  
the e le ctro n s have been tra n sfe rre d  to the lower v a lle y s .  Thus p/ p q was 
f i r s t  obtained from the experim ental r e s i s t i v i t y  curve and K was ca lcu la te d  
from equ atio n (5 .3 ) .  Then the experim ental r e s i s t i v i t y  curve at 77°K may 
be compared w ith a ca lc u la te d  curve obtained from equation (5 .2 ) .
I t  i s  a lso  seen that the re s t  o f  the curve between pQ and ps is  
f i t t e d  w e ll by theory fo r  a va lu e o f Eu = 8.5eV, which i s  in  good agreement
w ith p revious measurements*^3^.
5 .7 . LOW TEMPERATURE CRYOSTAT
For low temperature, atm ospheric p re ssu re , measurements the "v a r ia b le
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temperature" (6 - 30QK) c ry o sta t  was used. A schem atic diagram o f  the 
c ry o sta t i s  shown in  F ig .  5.14 which comprises o f a modular dewar,
Oxford Instrum ents Md4A/l/SV type, w ith t a i l  p laced between the poles o f 
an electrom agnet, and a v a r ia b le  temperature in s e r t .
The dewar c o n s is ts  o f  an outer vacuum chamber, l iq u id  n itro gen  
ve sse l and a l iq u id  helium  v e sse l arranged as shown in  F ig .  5 .1 4 . S ince  
in  the s e r ie s  o f experim ents, to be described la t e r ,  temperatures o n ly  down 
to 77°K were re q u ire d , l iq u id  n itro gen  was used in  both l iq u id  n itro g e n  
and helium  v e s s e ls . The w a lls  o f these chambers are a l l  made o f  e le c t r o ­
p o lish e d  s t a in le s s  s t e e l.  The outer chamber has to be evacuated to a 
pressure o f -  10“ 5 or below before any o f the in n er chambers are evacuated, 
o r f i l l e d  w ith  cryo gen ic  r e fr ig e ra n t s .  Th is  i s  done to avoid  the c o lla p s in g  
o f  the in n e r v e s s e ls  or to avoid  condensation ou tside the c ry o s ta t . The 
outer chamber i s  a ls o  f i t t e d  w ith  an automatic pressure r e l ie f  mechanism 
which a c t iv a te s  a u to m a tica lly  in  case o f re fr ig e ra n t  leakage in to  the 
vacuum space. The l iq u id  n itro g e n  and l iq u id  helium  chambers are separated 
by a vacuum ja c k e t .  S in ce  the l iq u id  n itro gen  v e sse l term inates a t  the
bottom o f the dewar a h igh  p u r it y  copper ra d ia tio n  s h ie ld  (n itro g e n  t a i l )
i s  attached to the base fla n g e  o f  the l iq u id  n itro gen  v e sse l as shown in  
F ig .  5 .14.
The v a r ia b le  temperature in s e r t ,  i s  o f top lo ad in g  typ e, com prising 
a f u l l  le n gth , c e n tra l sample tube surrounded by a pumpable vacuum ja c k e t. 
T h is  ja c k e t  and the in n e r vacuum chamber were f i l l e d  w ith  an exchange gas
i . e .  helium  gas. An e le c t r ic  heater and a thermocouple are provided at
the base o f the in s e r t .  Leads fo r  the heater and thermocouple are fed 
through the in n e r vacuum chamber and out o f  the system at the top through 
a 10 p in  se a l p lug as shown. S im i la r ly  a vacuum se a l p lu g  i s  used at the 
top o f the in s e r t  through which sample leads were fed. Two spare lead 
through se a l p lu gs are provided near the base o f  the dewar fo r  e le c t r ic a l
FIG
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connections to the t a i l  i f  re q u ire d . The l iq u id  helium  chamber near the 
sample b lo ck provides a reference ju n ctio n  fo r the thermocouple whereas 
the other ju n ctio n  i s  so ldered to the sample b lo ck .
S in ce  the sample b lo ck  i s  cooled by ra d ia tio n  and conduction through 
the exchange gas in  the sample tube and in n er vacuum chamber the sample 
temperature co n tro l i s  achieved by ba lancin g  the ra te  o f  co o lin g  o f  the 
sample a t any temperature a g a in st  the heating  rate  o f the h eater. To 
achieve th is  purpose "Oxford Instrum ents" p re c is io n  temperature c o n tr o lle r  
was used. At low temperatures the exchange gas pressure o f 1000 mm o f Hg 
was used in  the in n e r vacuum chamber. But i t  should be reduced in  steps 
as the temperature i s  ra ise d  whereas the exchange gas pressure i s  kept 
constant throughout the whole temperature range in  the sample ja c k e t .
-7 3- 
CHAPTER 6
HYDROSTATIC PRESSURE MEASUREMENTS ON N-TYPE GERMANIUM
6 *1 • in tro d u c tio n
The low f ie ld  p ro p e rtie s  o f n-type germanium at atmospheric pressure
are w ell understood. The e le ctro n s occupy four e l l ip s o id a l  minima at
the L j c p o in ts ( i . e . )  in  the (111) d ire c t io n  in  k -sp ace . With in c re a s in g
pressure , however, the energy o f the L^c minima in creases whereas th a t o f
the A^c minima decreases w ith  resp ect to the top o f  the valence band. At
a c e rta in  pressure the L^c and A^^ minima cro ss-o ve r making the A^c
minima the low est. Thus in  n -type m ate ria l the e le ctro n s tra n s fe r  to the
A. minima and the band s tru c tu re  becomes s im ila r  to that o f s i l ic o n  at lc
atmospheric p re ssu re . The A^c minima then become a v a ila b le  fo r  d ire c t
e le c t r ic a l  in v e s t ig a t io n  and a llow  comparisons to be made concerning
the e lectro n  s c a tte r in g  p ro p e rtie s  and e f fe c t iv e  masses in  the eq u iva le n t
v a lle y s  o f  the L^c and A^c minima.
Pressure experiments are extrem ely u se fu l in  p ro v id in g  inform ation
about band parameters such as the sub-band energy gaps, e f fe c t iv e  masses, and
the in t e r v a lle y  deform ation p o te n t ia ls .  I t  i s  e s s e n t ia l to know such
parameters i f  h igh  f ie ld  phenomenon such as the tra n sfe rre d  e lectro n
e ffe c t  are to be p ro p e rly  understood and m eaningful c a lc u la t io n s  made.
The h igh  e le c t r ic  f ie ld  p ro p e rtie s  o f  germanium have been d iscu sse d , in
d e t a i l ,  by Fawcett and Paige^-69  ^ . They suggest that the e lectro n  tra n sfe r
to the h ig h e r d e n sity  o f  s ta te s ' A  ^ minima a t h igh  f ie ld s  can e xp la in
a l l  the reported data, in c lu d in g  the negative d if f e r e n t ia l  m o b ility  below
150K observed e xp e rim e n ta lly  by McGroddy and Nathan ,
The e a r l ie r  h igh  pressure experiments were confined to sim ple
(3)r e s i s t i v i t y  measurements below 30 k-bar'- J or p-n ju n ctio n  measurements
(71)by Jayaraman and K o s ic k iv J . In  n e ith e r case was the pressure  h igh
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enough to e lim in a te  s c a tte r in g  to the 1  ^ minima. But re ce n tly  
F le tch e r and P it t ^  J have managed to p re ssu r ise  s in g le  c r y s t a ls  o f n-type 
germanium to about 65 k -b a r , w e ll beyond the (111) and (100) minima 
cro ss-o v e r. The d e t a i ls  o f the h igh  pressure apparatus and the technique 
used have already been described  in  Chapter 5. We have, in  the work to 
be described here, used the same technique o f p re s s u r is in g  n-type 
germanium c r y s t a ls  and measuring the r e s i s t i v i t y  and H a ll vo lta g e .
6 .2 . MEASUREMENT PROCEDURE
(721The standard Van der Pauw technique was used fo r  both r e s i s t i v i t y  
and H a ll vo ltage  measurements. The c lo ve r le a f  sample and the c i r c u it  
used fo r  these measurements are shown in  F igu re  6 .1 . A constant current 
was passed through the sample by u sin g  a bank o f b a tte r ie s  and a 10 K ft 
re s is ta n c e  box in  s e r ie s .  A standard 1 ft r e s is t o r  i s  a lso  incorporated  
in  the c ir c u it  and a d ig i t a l  m ultim eter across i t ,  as shown, to monitor 
the sample cu rre n t. The output vo ltage  from the sample was measured by 
a K e ith le y  d ig i t a l  m ultim eter. a 4-port/12 term inal sw itch  was introduced 
in  the c i r c u it ,  which allow ed measurements to be made across d if fe re n t  
lobes around the c lo v e r  le a f  and w ith  the reverse cu rre n t.
The H a ll vo ltage  was measured in  the presence o f a magnetic 
f ie ld  supp lied  by an electrom agnet which had p re v io u s ly  been c a lib ra te d  
fo r  vario u s cu rren t v a lu e s . The H a ll constant, R^, and the c a r r ie r
d e n s ity , n, were determined from the re la t io n
V d
Ru = wr~  = - —  (6 .1 )H BI ne
where V^ i s  the H a ll vo ltage
d i s  the sample th ickn e ss
B i s  the magnetic f ie ld
I  i s  the sample cu rren t
e i s  the e le c tro n ic  charge
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(a)
T L
2 3
10 m
i
- V W V \
1 «
TO DVM
MULTI-TERMINAL
SNITCH
TO DVM
!<■ ■ VD"VC H
Cb)
(a) R E S IST IV IT Y  AND HALL VOLTAGE MEASUREMENT 
CIRCUIT.
(b) CLOVER LEAF SAMPLE.
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The s c a tte r in g  fa c to r , y ,  defined by the ra t io  o f H a ll m o b ility  to the
d r i f t  m o b ility , depends on the c a r r ie r s  mean free time " t" and hence on
(73)the s c a tte r in g  mechanism p resen t. Debye et a l have quoted an 
experim en ta lly  determined va lue o f y  = 1.1 fo r  h igh r e s i s t i v i t y  germanium 
and that i t  remained constant w ith  temperature in  the 150K-300K range.
T h is  value o f y i s  w ith in  the l im it s  o f  the experim ental e rro r  o f  the 
th e o re t ic a l p re d icted  va lue o f  1.18 fo r  aco u stic  deformation p o te n t ia l 
s c a tte r in g . The average o f  fo u r H a ll  vo ltage  rea d in gs, w ith  the re v e rsa l o f 
sample current and m agnetic f ie ld ,  B, was taken to cancel out the extraneous 
vo ltage s due to any contact e f fe c t s .  For r e s i s t i v i t y  measurements the 
average o f e ig h t re a d in g s, w ith  current re v e rs a l,  was taken w ithout the 
magnetic f ie ld  and the r e s i s t i v i t y  was then ca lcu la te d  by the form ula^22^ . 
Vin _  + V _  _  V
(BC,DA
ird r ' AB, CD ' 'BC,DA-, „ r VAB,CD-, 
p = 152 [---  2---- I f [V ^ — •] (6-2)
where V^g i s  the vo lta ge  across CD due to the flow o f  current between 
A and B, F igu re  6 .1 . Vg^ pA i s  defined s im i la r ly .  The fa c to r  f  i s  
c a lle d  the n o n-un ifo rm ity  fu n ctio n  and i s  defined as the r a t io  rVAB,CD.,.|_ .j
The magnitude o f f  s 1 i s  accurate w ith in  1.0% fo r  r a t io s  le s s  than*?A5.
The H a ll m o b ility , a , ,  was then ca lcu la te d  by the r e la t io n
®H 
H  “ p= —  cm2v “ 1s “ 1 (6 .3)
6 .3 . EXPERIMENTAL ARRANGEMENTS
Clover le a f  samples were cut from both the (111) and (100) 
oriented  s l ic e s  o f Sb-doped germanium. The e le c t r ic a l  c h a r a c t e r is t ic s  
o f  the samples used at atm ospheric pressure and at room temperature are 
summarized as fo llo w s:
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SAMPLE p ft-cm n cm-3 cm2v""1s -1
SCT 474 (100) 33.5 4 .7 2 x l0 13 3950
SCT 258(111) 3.7 4 .7 4 x l0 14 3920
ESC 399 (111) 2.0 6 .8 1 x l0 llt 3980
Sin ce  there may be some u n ia x ia l s tre sse s  p a r a l le l  to the d ire c t io n  
o f the load in  the epoxy system at low p re ssu re s, both ( 100) and ( 111) 
oriented  c r y s t a ls  were used. Although the u n ia x ia l s tre sse s  may p la y  a 
p art in  ( 111) samples at low p re ssu re , in  ( 100) samples these s tre sse s  w i l l  
not change the degeneracy o f the norm ally occupied (111) minima. In  
p ra c t ic e  at h igh  p ressures the co n d u ctiv ity  in  both types samples converge 
and passes through a minimum, as observed by F le tch e r  et a l ^ ,  showing 
that the pressure  system i s  h y d ro s ta t ic  in  n ature. D iffu se d  t in  co n tacts 
were used to which f in e  copper w ire  leads were so ldered. The samples 
were p re ssu rise d  in  the MgO p ressure  c e l l s ,  as described in  Chapter 5.
Load was increased  co n tin u o u sly  at the ra te  o f = 2 k -b a r  per minute, at 
room temperature, and the r e s i s t i v i t y  and H a ll vo ltage  were monitored 
a fte r  equal in t e r v a ls  o f  5 k -b a r. A fte r  the (111)-(100) minima cro ss-o v e r
i . e .  when the A^c minima became low est, the load was kept constant and 
the temperature was lowered to 100K. The r e s i s t i v i t y  and H a ll vo ltage  
were then monitored as a fu n ctio n  o f  temperature. E le ctro n  m o b ility  in  
the A  ^ minima was c a lc u la te d  by u sin g  equations 6.1 - 6 .3 . The r e s u lt s  
were analysed in  terms o f a l l  the p o ss ib le  sc a tte r in g  mechanisms.
6 .4 . EXPERIMENTAL RESULTS
The v a r ia t io n  o f  the norm alized r e s i s t i v i t y ,  — , H a ll constant,
RH yH P°p— and the H a ll m o b ility , —  , w ith pressure fo r  a t y p ic a l sample are
H yH
shown in  F igu re  6 .2 a ,b ,c .  The r e s i s t i v i t y ,  as shown in  F ig u re  6 .2a 
in cre a se s slo w ly  at low pressure  m ain ly due to the in cre a se  in  e f fe c t iv e  
mass o f the e le ctro n s in  the v a lle y s  as they move away from the
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PRESSURE (IC b ar)
F IG . 6.2 (a) NORMALISED R E S IS T IV IT Y  to PRESSURE FOR SCT^TU 
SAMPLE at 300 IC.
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PRESSURE (K bar)
F IG . 6 .2  (b) NORMALISED HALL CONSTANT vs PRESSURE FOR SCT 474 
SAMPLE at 300 IC.
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PRESSURE (K bar)
F IG . 6.2 (c ) NORMALISED HALL MOBILITY vs PRESSURE FOR SCT 474 
SAMPLE at 300 K .
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valence band w ith p re ssu re . At about 20 k -b a r, as the and A-^ c
minima approach one another the non-equivalent in t e r v a lle y  s c a tte r in g
between the two minima in c re a se s , which reduces the e le ctro n  m o b ility .
A lso the e lectro n  t ra n s fe r  from the L^c to A^c minima reducing the
m o b ility  fu rth e r. A l l  three processes make the r e s i s t i v i t y  r is e
r a p id ly .  The maximum in  r e s i s t i v i t y  at about 33 k -b a r occurs when most
o f the e le ctro n s have tra n sfe rre d  to the low m o b ility  A^c minima, but
the non-equivalent in t e r v a lle y  s c a tte r in g  between the L^c and A^c minima
is  s t i l l  in f lu e n c in g  the re la x a tio n  tim e. A t about 65 k -b a r when the
L-. minima have moved a few kDT above the A, minima, the r e s i s t i v i t y  lc B
le v e ls  o f f  a t  = 4 .0  ± 0 .3  showing that the e lectro n  t ra n s fe r  i s  
po
complete and n o n-eq u iva len t in t e r v a lle y  s c a tte r in g  i s  n e g lig ib le .
RHI t  i s  seen from F igu re  6.2b that the H a ll co n stan t, , passes
othrough the c h a r a c t e r is t ic  band tra n s fe r  maximum near the band cro ss-o v e r.
T h is  e f fe c t  has a lread y been seen in  tra n s fe r  from h igh  to low m o b ility
(74)bands in  se ve ra l sem iconducting m a te ria ls  by P i t t  and Lees . By 
65 k -b a r the H a ll constant retu rn s to i t s  o r ig in a l va lu e  at atmospheric 
pressure which im p lie s  that the e lectro n  tra n s fe r  i s  complete without any 
c a r r ie r  lo s s  to deep ly in g  im p urity  le v e ls  which might e x is t  at atm ospheric 
pressure above the L^c minima but below the A^c minima. Such sta te s  
are commonly seen in  I I I - V  compounds l i k e  GaAs as observed by Vyas et a l* 58^. 
Perhaps the fa c t  th a t these im p u rity  le v e ls  are not observed in  germanium 
to date r e f le c t s  the advanced s ta te  o f  the technology in  growing c r y s t a ls  
( i . e .  the e x istan ce  o f  these le v e ls  in  the I I I - V  compounds may be asso c ia te d  
w ith c r y s t a l d e fe c ts ) .
PHThe H a ll m o b ility , — , as shown in  F igure  6 .2 c , f a l l s  g ra d u a lly  at
pHq
low pressure due to the in cre a se  in  e f fe c t iv e  mass o f  the e le ctro n s 
as the L^c minima moves away from the valence band. Before the band c ro s s ­
over the drop in  m o b ility  i s  la r g e ly  due to the in t e r v a lle y  s c a tte r in g
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between the L-, and A, minima and a lso  tra n sfe r  o f e le ctro n s to the lc lc
lower m o b ility  band. We note that the m o b ility  does not pass through 
a minimum at band c ro ss-o v e r. T h is  i s  because maximum s c a tte r in g  
between the minima w i l l  occur when the minima are lower in  energy 
than the A^m inim a owing to the sm alle r d en sity  o f s ta te s  o f the L lc  
minima. These r e s u lt s  are in  good agreement with already reported 
re s u lt s  o f F le tc h e r  and P i t t ^  .
At about 65 k -b a r , when A^c minima being the low est, load was 
kept constant and r e s i s t i v i t y  and H a ll vo ltage  were monitored as a 
fu n ctio n  o f  temperature. The v a r ia t io n  o f the r e s i s t i v i t y  and H a ll 
constant w ith temperature o f a t y p ic a l sample i s  shown in  F igu re  6 .3 .
The e lectro n  m o b ility  in  the A^c minima was then c a lc u la te d  fo llo w in g  
the same procedure as d escribed  e a r l ie r  and the r e s u lt s  are shown in  
F igu re  6 .4 . Above 200°K where the m o b ility  i s  dominated by phonon 
s c a tte r in g , there i s  good agreement between the samples, in d ic a t in g  the 
e ffe c t iv e n e ss  and r e l i a b i l i t y  o f the epoxy p re ssu re -tra n sm itt in g  system. 
The divergence below 200K could be a ttr ib u te d , as w i l l  become evidence 
from the la t e r  a n a ly s is ,  to the va ry in g  amount o f  im p u rity  s c a tte r in g  
present in  d if fe r e n t  samples.
In  order to analyse com pletely the m o b ility  v a r ia t io n  w ith 
temperature in  terms o f  the p o ss ib le  sc a tte r in g  mechanisms present and 
a lso  because o f  the im portant p a rt p layed by im purity  s c a tte r in g  below 
200K in  each sample i t  i s  necessary to know, apart from other param eters, 
the d e n sity  o f  io n ize d  im p u rity  sc a tte r in g  centres and the phonons 
in vo lve d . To so rt  out the phonons invo lved  in  the in t e r v a lle y  s c a tte r in g  
one has to re so rt  to the group theory and se le c t io n  r u le s .  The im p urity  
cen tre s, on the other hand, were found by an a lysin g  the measured e lectro n  
m o b ility  v a r ia t io n  w ith  temperature in  the v a lle y ,  as w i l l  be 
described la t e r .  The L^c m o b ility  was measured, in  the same samples, at 
atmospheric pressure  by u s in g  the low-temperature c ry o sta t  described in
-83-
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Chapter 5. The v a r ia t io n  o f  r e s i s t i v i t y  and H a ll constant w ith 
temperature in  the L^c minima o f a sample i s  shown in  F igu re  6 .5 . The
e lectro n  m o b ility , c a lcu la te d  in  the usual way, i s  shown in  F igu re  6.6
fo r a l l  the samples. Above 200K the e lectro n  m o b ility  in  the v a lle y  
a lso  in crea ses l in e a r ly ,  as can be seen from Figu re  6 . 6 , but below 200K 
d if fe re n t  samples show v a ry in g  amounts o f im purity  s c a tte r in g . By 
a n a lys in g  these r e s u lt s  the d e n sity  o f im purity  centres present in  the 
samples could be found which in  turn could be used in  the subsequent
a n a ly s is  o f the m o b ility  r e s u lt s .
6 .5 . PHONON GROUPING AND SELECTION RULES
The symmetry and p o la r is a t io n  of phonons i . e .  tran sverse  or 
lo n g itu d in a l, o p t ic a l o r a c o u st ic , in vo lved  in  in t e r v a lle y  s c a tte r in g  
processes are u s u a lly  g iven  by group theory. A sim ple g ra p h ic a l approach 
i s  most h e lp fu l in  id e n t ify in g  the symmetry o f the phonons in vo lved  in  
d if fe re n t  in t e r v a lle y  s c a tte r in g  p ro cesses. T h is  approach a lso  demonstrates 
very sim ply which o f the in t e r v a lle y  t ra n s it io n s  are o f  Umklapp type.
F igu re  6 .7 a  shows the f i r s t  B r i l lo u in  zone fo r  the face centred cu b ic 
c r y s t a l s tru c tu re , w ith  the main symmetry d ire c t io n s  in d ic a te d . Symmetry 
p o in ts in s id e  the zone are la b e lle d  co n ve n tio n a lly  by Greek le t t e r s  
w hile those a t the zone boundary are named by E n g lis h  le t t e r s .  F ig u re  6.7b 
shows the lo c a tio n  o f the L-minima at the zone boundary. I t  can be seen 
from the f ig u re  th at L+-HL. s c a tte r in g  req u ires the p a r t ic ip a t io n  o f (100) 
type phonons o f  momentum tl (X-phonons) . The X+-+X s c a tte r in g  i s  
demonstrated in  F igu re  6 .7 c . Again t h is  process re q u ire s  the p a r t ic ip a t io n  
o f X-phonons, however, u n lik e  L+-HL s c a tte r in g  i t  i s  o f  the Umklapp type 
s in ce  i t  in vo lve s  t r a n s it io n s  between d is t in c t  B r i l lo u in  zones. The other 
in t e r v a lle y  s c a tte r in g s  l i k e  r+~>L and L++X occur through the L-phonons 
whereas F+->-X w i l l  re q u ire  X-phonons. The combination o f the
above processes can b est be presented by co n sid erin g  a ( 110) type plane 
in  the repeated zone stru ctu re  as shown in  F igu re  6 .7d . The group
-86-
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F IG . 6 .7  (a) THE BRILLOUIN ZONE OF A FACE CENTRED CUBIC 
CRYSTAL WITH MAIN SYMMETRY POINTS AND 
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F IG . 6.7 (c ) X«-*X SCATTERING OCCURING VIA (lOO) PHONONS.
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6.7  (d) DEMONSTRATION OF INTERVALLEY SCATTERING PROCESSES ON 
A (110) TYPE PLANE IN THE REPEATED ZONE STRUCTURE.
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se le c t io n  r u le s ,  as d iscu ssed  f i r s t  by Lax and H opfie ld^  ’ ,
S t r e it w o lf*^  in  general and by Herbert et a l * ^  fo r  germanium and 
s i l ic o n  in  p a r t ic u la r ,  r e s t r ic t s  the phonon p o la r iz a t io n  as l i s t e d  
below.
M ateria l T ra n s it io n  Phonons
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Germanium
r i  ~ L 1 N on-equivalent I-V .  ^
s c a tte r in g
L^ - A  ^ N on-equivalent I .V .  LO + LA
s c a tte r in g
L^ -  L 4 Eq u iva le n t I .V .  s c a tte r in g  LO + LA
S i l ic o n  A.^  - A  ^ Eq u iva le n t I .V .  s c a tte r in g  LA + TO
The n o n-eq uivalen t in t e r v a lle y  s c a tte r in g  in  germanium has
(5)already been stud ied  by F le tc h e r  e t a l therefore in  t h is  work we 
concentrate o n ly  on the e q u iva le n t in t e r v a lle y  s c a tte r in g . In  p r in c ip le  
the s c a tte r in g  ra te s  due to d if fe r e n t  phonons should be c a lc u la te d  
in d iv id u a lly .  However, when two phonons are c lo se  in  energy such th at 
i t  becomes d i f f i c u l t  to separate t h e ir  co n trib u tio n s in  the tra n sp o rt 
c a lc u la t io n s  then they could be combined in  one group o f  phonons e .g . h igh  
energy or low energy phonon groups. The group i s  assigned w ith an energy 
equal to the average o f  the in d iv id u a l phonon en erg ies.
6 . 6 . ASSIGNMENT OP BAND PARAMETERS
6 . 6 . 1, L^c v a lle y s
The band parameters o f germanium at atmospheric p ressu re  - L^c
v a lle y s ,  are w e ll known. The tra n sve rse  and lo n g itu d in a l e f fe c t iv e
masses o f e le ctro n s at the fo u r eq u iva lent L lc  p o in ts are known from
cyclo tro n  resonance exp erim en ts**^: m^  = 0.082 mQ and m^= 1.58 mQ
at 4K. These va lu es are in  good agreement with la t e r  r e s u lt s  from
(79)magneto phonon experim ents^ J : m^  = 0.086 mQ and m^  = 1.52 mQ measured 
from 60 to 270K w ith no apparent temperature dependence. E ith e r  set o f
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re s u lt s  y ie ld s  m* = 0.22 m which we assumed to be independent J D.S o
o f temperature. The va lues o f h igh and low frequency d ie le c t r ic  constants*-8G-*
and density*-81-* used are 15.98, 15.98, 5.32 (gm cm-3) re s p e c t iv e ly . The
deformation p o te n tia l E^, fo r  the in t r a v a lle y  a co u stic  s c a tte r in g  i s  given
(73)by Debye and Conwell as 9.4eV. Th is agress w e ll w ith the value o f
(82)9.0eV as determined by Rode from a th e o re tica l f i t  to the experim ental 
m o b ility  curve. Fawcett and Paige*-89-*, however, g ive a value o f = 12eV 
which i s  rather h igh and i t s  use g ive s a la t t ic e  lim ite d  m o b ility  43% le ss  
than the measured m o b ility  at room temperature. But = 9eV on the other 
hand g ive  a good agreement between theory and experim ental m o b ility .
At low f ie ld s  the e le ctro n s in  the (111) v a lle y s  are su b ject to the 
fo llo w in g  s c a tte r in g  p ro ce sse s: -
( i )  In t r a v a lle y  a c o u st ic  modes.
( i i )  In t r a v a lle y  n o n-po lar o p t ic a l modes.
( i i i )  Eq u iva lent in t e r v a lle y  sc a tte r in g  between (111) v a lle y s .
( iv )  Io n ize d  im p u rity  s c a tte r in g .
io n ised  im p u r it ie s , by 
and by non p o lar 
and LO phonons
of s im ila r  en e rg ie s. Hence we combine non-polar sc a tte r in g  w ith in t e r -
4, £' ■’> !>> ■'i i “' * . *
v a lle y  sc a tte r in g  and assume that these sc a tte r in g s  occur through a s in g le  
phonon of energy eq u iva le n t to 382 K as a lso  used by Rod!82} T h is  phonon
energy, expressed in  terms o f eq u iva le n t temperature, has
r -v . • Vi • V  ~;;,v V *-€•••■. *??•- ••■/J ■ Y ; '; : V  . • !>v
from the dispersion curves eiven hv Broclchnusp and Tv p i i o p i
been taken 
(81) as
6 . 6 . 2 . A  ^ - v a lle y s
In  (100) v a lle y s  the e le ctro n s are su b ject to the same processes as 
l is t e d  in  se ctio n  6 .6 .1 . w ith two exceptions. F i r s t l y ,  non-po lar o p t ic a l 
s c a tte r in g  becomes n e g lig ib le  (Harrison*-83-*) , and secondly, s in ce  the (100) 
minima do not l i e  at the zone boundary, the equ iva lent in t e r v a lle y  
s c a tte r in g  w i l l  have two components - f  and g s c a tte r in g , as a lread y
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discussed  in  Chapter 4. Hence the s c a tte r in g  processes in  the (100) 
v a lle y s  a re :-
( i )  In t r a v a lle y  a co u stic  s c a tte r in g .
( i i )  E q u iva le n t in t e r v a lle y  s c a tte r in g  between v a lle y s  ly in g  
on the same cube a x is  - g s c a tte r in g .
( i i i )  E q u iva le n t in t e r v a lle y  s c a tte r in g  between v a lle y s  ly in g  
on d if fe r e n t  cube a x is  - f  s c a tte r in g .
( iv )  Io n ize d  im p u rity  s c a tte r in g .
L o n g ^ 7  ^ has d iscu sse d , in  d e t a i l ,  the ro le  o f  f  and g type 
s c a tte r in g  in  s i l i c o n .  Assuming that the A^c v a lle y s  in  germanium are 
lo cated  at the same p la ce  in  k-space as in  s i l ic o n  we have adopted Lo ng's 
approach to fin d  the wave v e cto r and energies o f the phonons in vo lved  in  
in t e r v a lle y  s c a tte r in g . I t  can be shown by sim ple geom etrical argument
that both f  and g type s c a tte r in g s  are Umklapp processes and that a l l  the
/
wave vecto rs in vo lve d  l i e  in  [110] type p lan es. The momentum conservation
co n ditio ns can be i l lu s t r a t e d  by vecto r diagram in  a [ 110] plane c ro ss -
se ctio n  o f the re c ip ro c a l la t t i c e  as shown in  F igu re  6 . 8 . I t  can be seen
from F igu re  6.8 th at the phonon in vo lve d  in  g -s c a t te r in g  has i t s  ve cto r
a in  a ( 100) d ire c t io n  and th a t the vector a fo r  f - s c a t t e r in g  i s  on ly 8 1
11° o f f  the (100) d ire c t io n . Furthermore a has a magnitude o f 0.30 o f
8
the maximum in  the ( 100) d ir e c t io n , w hile i s  e x a c t ly  equal to the 
maximum a in  i t s  d ire c t io n .
A fte r  e s ta b lis h in g  the wave vectors o f the in t e r v a lle y  phonons, we 
can fin t l t h e ir  en erg ies from the la t t ic e  v ib ra t io n a l spectrum o f germanium, 
shown in  F igu re  6 .9 , as determined by Brockhouse et a l ^ ^  . The v e r t ic a l  
marks on the branches a t 0 ,3  o f the way from the zone centre to the 
boundary in d ic a te  the en erg ies o f  phonons involved in  g -s c a t te r in g .
Even though the f - s c a t t e r in g  phonons are not q u ite  in  the (100) d ire c t io n , 
we fe e l that they are c lo se  enough so that F igure 6.9 should provide a
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good approxim ation to th e ir  e n e rg ie s, since the phonon spectrum should 
not change very r a p id ly  w ith  d ire c t io n  in  the c r y s t a l . Under th is  
assumption, the en erg ies o f the f - s c a t te r in g  phonons are given by the 
p o in ts at which the branches in te rce p t the zone boundary. Thus from 
F igu re  6.9 i t  i s  obvious th a t the energies o f the phonons in vo lved  in  
g -s c a tte r in g  f a l l  in  two ranges i . e .  h igh energy 430K-L0 phonons and 
low energy 100K-LA phonons. But fo r  f - s c a t te r in g  s in ce  LA and LO phonons 
have the same energy so 320K phonon was considered. These phonon 
energies are a lso  s im ila r  to the ones used by Fawcett and P a i g e i n  t h e ir  
h igh  f ie ld  tra n sp o rt c a lc u la t io n s  fo r  germanium.
The e le ctro n  e f fe c t iv e  masses in  the (100) minima in  germanium 
are not known. But Fawcett and P a ig e * ^ ,  as a r e s u lt  o f h igh  f ie ld  
c a lc u la t io n s , p re d icted  e f fe c t iv e  mass values o f m^  = 0.288 mQ and
m7 = 1.353 m .I o
Fawcett and P a i g e b y  ta k in g  s i l ic o n  e f fe c t iv e  masses - 
m^  = 0.192 mQ, m^  = 0.902 mQ (Rauch et a l* 84-^ ) and germanium band 
parameters got a good agreement w ith the experim ental r e s u lt s  o f 
F le tch e r et a l* 3  ^ fo r  the lo w -f ie ld  m o b ility -p re ssu re  r e s u lt s .  However, 
when they used the r e s u lt in g  parameters to c a lc u la te  the h ig h - f ie ld  
tra n sp o rt p ro p e rt ie s , a s ig n if ic a n t  p o s it iv e  d if f e r e n t ia l  m o b ility  
re su lte d  at 77K in  (100) d ir e c t io n , contrary to the negative  d if f e r e n t ia l  
m o b ility  observed by McGroddy et a l * ^ .  Th is controversy was reso lve d  
by in c re a s in g  the e f fe c t iv e  masses to those given above and by decreasing 
the coupling constant E^ to 3.6eV. These are the va lu es we have used 
in  our c a lc u la t io n s . The band parameters fo r  both L^c and A^c v a lle y s  
are summarised in  Table 6 .1 .
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Parameter L ic -v a H e y , A ^ - v a l le y
E f fe c t iv e  mass ra t io 1.588 1.353
mt 0.082 0.288
D ensity (g cm“3) 5.33 5.33
D ie le c t r ic  constant e = eu 15.98 15.98
Lo n g itu d in a l Sound V e lo c ity  (cm s -1) 5.4 x 105 5.4 x 105
A co u stic  Deformation P o te n t ia l E^(eV) 9.0 3.61
In t e r v a lle y  Phonon Temperatures (K) ^LO+L/J) 581 LO 430 (g -s c a tte r in g )
LA 100 (g -s c a tte r in g )
(LO + LA) 320 ( f - s c a t t e r in g )
TABLE 6 .1 .
6 .7 . ANALYSIS OF RESULTS
In  our a n a ly s is  o f the e le ctro n  m o b ility  in  both the L^c and A^c
minima o f germanium we have not taken in to  account the conduction band
an iso tro p y. T h is  i s  because the co rre ctio n  due to band an isotro p y i s  almost
equal and opposite to the s c a t te r in g  fa c to r , as shown belo w :-
In  a m u lt i-v a l le y  system where the v a lle y s  are e l l ip s o id a l ,  i f  the
mZhand an isotropy i s  given by, —  = K then the r a t io  o f  H a ll  to d r i f t  m o b ility  
could be w ritte n  a s ^ 3^ : -
-  - g -  ,  ™ ( K+2) (6 .4 )
y (t)2 (2K+1)2
In the equation (6 .4 ) the f i r s t  term, x£  depends on the dominant
2 r
sc a tte r in g  mechanism and can be estim ated from the r e la t io n
71 r(5/2 + 2 S) r (5/2)
[r(5/2+s)]2 , 6^,5)(?) 2
« swhere s i s  found from the re la x a tio n  time - energy re la t io n s h ip  x « E 
The second term in  equation 6 .4  depends on the band an iso tro p y.
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In  the L. minima s in ce  the a co u stic  deformation p o te n t ia l lc
sc a tte r in g  i s  dominant, s = - J  and the band an isotropy fa c to r ,
K = * *b = 19.37. Using these va lues in  equations 6 .4  and 6.5 g ive s 0.082
- I f  = 1.18 x 0.7857 = 0.93 M
which could be taken as u n ity  w ith in  experim ental e rro r in  m .^
S im ila r ly  in  the v a lle y  s in ce  in t e r v a lle y  s c a tte r in g  i s
1 353dominant s = + \ and the band an iso tro p y fa c to r  K = q-‘-2g = 4.698 
Pu
Hence —  = 1.105 x 0.874 = 0.966
y
which again could be taken as u n ity .
Therefore the assumption o f  is o t r o p ic  conduction and y = 1 i s  a 
reasonable approxim ation fo r  germanium. Under t h is  assumption the 
equations 2.6 and 2 . 10, w ith  the L^c v a lle y  parameters as l i s t e d  in  
Table 6 .1 , reduces t o : -
2.21 x 109
pd 2 r~\n vt3/ 2 cm2v - 1s _:L ( 6 . 6)E f(e V )x T
L^c v a lle y
1.846 x 1018 x T 3^ 2
y.1.1 NjflnCl+b) - ~ ]
(6 .7 )
where b =
L lc  v a lle y  
4.54 x 10lt+ x T 2
n
and N p  n" are a lread y defined as
n + Na
n" = n + (n + N .) ( 1 --------  )A Nd
= 2 + n
For the estim ation  o f in t e r v a lle y  s c a tte r in g , we assume th at the 
average o f the life t im e  asso c iate d  w ith th is  s c a tte r in g  i s  approximated 
by re p la c in g  the energy term in  H e rrin g  and V o gt's form ula - equation 2 .8
3
equal to j  kgT. On t h is  assumption equation 2.8  reduces, as deduced by 
Masahara Toyama et a l *8^  t o : -
100-
T.V.
i
r co. t . 3/2 (r r + 3}
l  JL r__B_____  +
1 A . c i
T 2 2 1
T . " 3Jci _ _
Cl,
T 2 2 -1
or zero] f
exp (—sr-) -1 l-exp(— =-)
(6 .8)
where 0^ ,  a)i  measure the strength  o f  co u p lin g  o f e le ctro n s to aco u stic  and 
to the i t h  in t e r v a lle y  phonons re s p e c t iv e ly , T c  ^ i s  the c h a r a c t e r is t ic  
temperature o f the it h  phonon.
T 2The second term in  the square bracket vanishes fo r  —  < j  .
c i
The equation 6.8  can a lso  be used fo r  the minima provided the 
appropriate phonon energies are used. The equations fo r  a co u stic  
deformation p o te n tia l and the io n ize d  im p urity  s c a tte r in g  fo r  the A^c
v a lle y ,  u s in g  the A^c v a lle y  param eters, can be w ritte n  a s : -
3.075 x 108
A
E2 (eV) x T 3/a
o -1 _ 1cm^v As 1 (6 .9)
l c  v a lle y
1.1
where b =
A.^  v a lle y  
9.993 x 10iy  x T 2
1.238 x 1018 x T 3^ 2 
N1[ l n ( l +b) -  ^
2 -1 -1 cm v s (6 . 10)
6 .7 .1 . Curve F i t t in g
6 . 7 .1 . 1 . c v a lle y  m o b ility
S in ce  the measured e lectro n  m o b ility  in  both the L^c and A^c v a lle y s ,
as shown in  F igu re s 6 .4  and 6 . 6 , shows the dominant p a rt p layed by the
io n ize d  im p urity  s c a tte r in g  below 200K so in  order to analyse the r e s u lt s
com pletely i t  i s  e s s e n t ia l to f in d  the d e n sity  o f im p urity  ce n tre s. To do
th is  we have used the r e s u lt s  o f Debye et a l f o r  sample 55 in  which
the m o b ility  h a rd ly  departs from a s t r a ig h t  l in e  behaviour down to 100K,
as shown in  F igu re  6 .1 0, meaning that the im p urity  s c a tte r in g  in  th is
sample i s  n e g lig ib le .  Thus in c lu d in g  deformation p o te n t ia l s c a tte r in g
m o b ility  from equation 6.6 w ith E^ = 9eV and in t e r v a lle y  s c a tte r in g  m o b ility
w.
from equation 6 . 8 , t re a t in g  a - as a d ju sta b le  parameter, a f i t  to the
A
r e s u lts  o f  sample 55 was obtained, as shown in  F igu re  6 .10. From the
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TEMPERATURE (K)
F IG , 6.10 HALL MOBILITY VS TEMPERATURE FQR SAMPLE 55 
WITHOUT THE IONISED IMPURITY SCATTERING.
>
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r e s u lt in g  va lue o f a the in t e r v a lle y  deformation p o te n t ia l wa.s
f 8 8 1ca lcu la te d  from the Conw ell’ s re la t io n
a ~ where Dp i s  the in t e r v a lle y  deformation p o te n t ia l,
E2 w?
and is l is t e d  m  Table 6 .2 .
U sing t h is  va lu e  o f  a in  equation 6.8 the in t e r v a lle y  s c a tte r in g  
m o b ility  could be c a lc u la te d . Thus by combining the deformation p o te n tia l 
sc a tte r in g  m o b ility  w ith in t e r v a lle y  s c a tte r in g  m o b ility  th e o re t ic a l f i t s  
to our samples were obtained by in tro d u cin g  co n tro lle d  amount o f im p u rity  
s c a tte r in g . The r e s u lt s  are shown in  F igu re  6.11 a ,b ,c .  The d e n sity  o f 
im p urity  s c a tte r in g  centres req u ired  fo r  these f i t s  are as l is t e d  in  
Table 6 .3 .
Sample
Debye § Conwell Sample 55 
SCT 474 
SCT 258 
ESC 399
ND-NA( c n f3) 
1.0 x 1013 
4.72 x  1013 
4.74 x 1014 
6.81 x 10llt
ND+NA(cm-3) 
1.09 x 1013 
6.73 x 1015 
1.11 x 1016 
1.36 x 1016
TABLE 6.3
Having e sta b lish e d  the d e n sity  o f im purity  centres in vo lve d  in  the 
L^c v a lle y  m o b ility , same e le ctro n  d en sity  and io n ize d  im p urity  d e n sity  
could be assumed to apply to the A^c minima,
6 .7 .1 .2 .  A-^ - v a l le y  m o b ility
For the Al c  minima the deform ation p o te n tia l s c a tte r in g  m o b ility  i s  
ca lcu la te d  u sin g  equation 6 .9  and the io n ize d  im p u rity  s c a tte r in g  m o b ility  
from equation 6.10 w ith  the above deduced d e n sity  o f  im p urity  s c a tte r in g  
centres. The in t e r v a lle y  s c a t te r in g , both f  and g types can be ca lcu la te d
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F IG . 6.11 (a) • L lc  VALLEY MOBILITY WITH DIFFERENT
SCATTERING MECHANISMS.
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F IG . 6.11 (b) L n VALLEY MOBILITY WITH DIFFERENT lc
SCATTERING MECHANISMS.
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F IG . 6.11 (c ) L , VALLEY MOBILITY WITH DIFFERENT lc
SCATTERING MECHANISMS. \
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frora equation 6.8 With ap propriate  phonon en erg ies. Thus in c lu d in g
the deformation p o te n tia l s c a tte r in g , the io n ize d  im purity  s c a tte r in g
and the in t e r v a lle y  sc a tte r in g  best f i t s  to the measured A^c m o b ility
were obtained, by tre a tin g  a f s as a d ju sta b le  param eters, as shown in
F igu re  6.12 a ,b ,c .  The r e s u lt in g  in t e r v a lle y  deformation p o te n t ia ls  fo r
the A. minima, ca lcu la te d  as described e a r l ie r ,  are as l i s t e d  in  l c  *
Table 6 .2 .
Parameter L lc  v a lle y A v a lle y
Phonons 382K 430K 320K 100K
a 0. 30 1.92 2.21 n e g lig ib le
D^(eVcm“ *)
O3.2x10
\ --6 f ■
3 .6 9 x l0 8 2 .9 4 x l0 8 n e g lig ib le
TABLE 6.2
6 . 8 . DISCUSSION AND CONCLUSION
From the measured e le ctro n  m o b ility  in  both the L^c and A jc v a lle y s  
o f germanium, as shown in  F igu re s 6 .4  and 6 . 6 , a few p o in ts  are worth 
n o tin g
( i )  The magnitude o f m o b ility , at room temperature, in  the L lc  v a lle y  
o f -  4000 cm2v *s Mrops to -  800 cm2v _1s *in the A^c v a lle y .
( i i )  The grad ien t o f the curve in  the L^c v a lle y  near room temperature 
corresponds to T *’ 5 temperature dependence, t y p ic a l fo r  the deformation 
p o te n tia l s c a tte r in g , which i s  the dominant s c a tte r in g  mechanism in
the L j c v a lle y .  But the grad ien t o f the curve in  the A^c v a lle y ,  
near room temperature, corresponds to T~2*7 temperature dependence 
s im ila r  to the s i l ic o n  at atmospheric p ressure . T h is  behaviour is  
t y p ic a l o f the strong in t e r v a lle y  s c a tte r in g . In fa c t  that i s  e x a ctly  
what we see when we p lo t  the component m o b ilit ie s ,  as shown in  
F ig u re s, 6 .11 , 6 .1 2 , that the deformation p o te n tia l sc a tte r in g  is
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dominant in  the v a l le y  and the in t e r v a lle y  s c a tte r in g  in  the 
A^c v a lle y .
( i i i )  I t  i s  evident from F ig u re  6.11 that the in t e r v a lle y  s c a tte r in g ,
at room tem perature, i s  sm all and the im purity  sc a tte r in g  is
n e g lig ib le .  However, as the temperature is  lowered the r e la t iv e
importance of the io n ize d  im purity  s c a tte r in g , pT and thei.l,
in t e r v a lle y  s c a t t e r in g , changes such that below 200K the
io n ize d  im purity  s c a tte r in g  takes over the in t e r v a lle y  s c a tte r in g  
m o b ility  but s t i l l  the deform ation p o te n tia l s c a tte r in g  remain 
dominant. C le a r ly  from sample to sample the co n trib u tio n s  due to 
deform ation p o te n tia l and in t e r v a lle y  sc a tte r in g  remain f ix e d , on ly 
the im purity  s c a tte r in g  v a r ie s  but a good f i t  to the experim ental 
r e s u lt s  can be obtained in  each case.
( iv )  As shown in  F ig u re  6.12 in t e r v a lle y  sc a tte r in g  dominates the A^^ 
v a lle y  m o b ility  throughout the whole temperature range (300K -  100K).
The a co u stic  deform ation p o te n t ia l sc a tte r in g  i s  sm all and once again  
the im purity  s c a t te r in g  i s  n e g lig ib le  at room temperature but has a 
s l ig h t  e f fe c t  at low tem peratures. Although the co n tr ib u tio n s  of
the in t e r v a lle y  and a co u stic  deform ation p o te n tia l s c a tte r in g  are 
the same from sample to sample and the io n ize d  im p urity  s c a tte r in g  
i s  f ix e d  from the v a lle y  m o b ility  a n a ly s is  i . e .  there are no 
a d ju sta b le  parameters yet a good agreement w ith  the measured 
m o b ility  was obtained fo r  each sample throughout the whole temperature 
range, showing n ic e ly  the divergence which occurs below 200K.
The a n a ly s is  of the v a lle y  m o b ility  data revealed  that fo r  
an a co u stic  deform ation p o te n t ia l of 9.0eV we re q u ire  in t e r v a lle y  deform ation
8 — ip o te n tia l of 3.2x10 eV cm fo r  the 382K phonon. T h is  in t e r v a lle y  deform ation 
p o te n tia l agrees very w e ll w ith  3.0x10^ eV cm  ^ as ca lcu la te d  by R o d e ^ 2^
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■ - w M  !:>• •fo r  germanium. In  an attempt to consider the e ffe c t  of the aco u stic
if*.? ,  ^ * •
deformation p o te n tia l E. we have used E. = 12eV, a lso  quoted in  l it e r a t u r e ,
f.;v .. \
Poor agreement was obtained w ith  the absolute m o b ility  va lues and i t s
‘ . -(;;>7
temperature v a r ia t io n .
The a n a ly s is  of the e le ctro n  m o b ility  in  the A^c v a lle y  revealed
L  ■ C
that fo r  an a co u stic  deform ation p o te n t ia l of 3.61eV we req u ire  in t e r v a lle y
' ‘ 'VV 8 - 1  8 - 1deform ation p o te n t ia ls  of 3.7 x 10 eV cm and 2.9 x 10 eV cm fo r  the
430K and 320K phonons re s p e c t iv e ly .  These parameters are p a r t ic u la r ly
! ; > "  ■'+!:*■ . . .  .important fo r the c a lc u la t io n s  of h igh  f ie ld  transp o rt p ro p e rt ie s . The
* V* . (69)h igh  f ie ld  c a lc u la t io n s  of Fawcett and Paige gave va lues of the above 
parameters as 9 .5  x 10^ eV cm  ^ and 3.3 x 10^ eV cm  ^ fo r  the 430K and
320K phonons re s p e c t iv e ly . The deform ation p o te n t ia ls  fo r  the low energy
ftphonons agree very w e ll but the h igh  energy phonon deformation p o te n tia l 
i s  somewhat h igh . To see the e f fe c t  of E . , the a co u stic  deformation 
p o te n t ia l, we have used d if fe r e n t  va lues and tr ie d  to re ta in  the agreement
S’**',* '* • *''**r •w ith the experim ental data. We fin d  that acceptable agreement w ith 
experim ental data i s  confined to sm all range of va lues of E.. i . e .
■ 0 r : U f m  '3.0 < E. < 5 .0 . For va lu es o utside these lim it s  agreement w ith  m o b ility -
, j * ■ -  1 -
«• 5 ,. v. v:, . . _ .
temperature v a r ia t io n  becomes poor. The corresponding range of in t e r v a lle y
* . 8 8 - 1
deform ation p o te n t ia ls  becomes 1.97 x 10 < D. < 3.9 x 10 eV cm fo r
-  i  -
•v •'* ' o o _i
A30K nhnnnns and 2.8  x 10 < D2 < 3.07 x 10 eV cm fo r  320K phonons.4 p o o
T h is  range of va lues fo r i s  in  good agreement w ith  the s i l i c o n  value 
(67)determined by Long . Rec
ru le s  fo r s c a tte r in g  in  s i l i
ce n tly , fo llo w in g  a reassessment of the se le c t io n
(77)j ....e, .... ......icon by S tre itw o lf  new estim ates o f t h is
■< , r , 8 — ^
v f." parameter in  the range 3 to 5 x 10 eV cm have been made by Jorgensen
et a l* 89  ^ and Herbert et a l* 78  ^ . Rode*82  ^ has obtained a value
o f 3.0 x 108 eV cm"*1 fo r  s i l i c o n  and Masaharu Toyama et a r  a
value o f 7.0 x 108 eV cm-1 fo r  GaP.
In  summary, we have measured the temperature dependence o f the e le ctro n
m o b ility  in  the L^c and A^c minima o f germanium. We developed a model to
analyse the L j  m o b ility  r e s u lt s  and deduced the d e n sity  o f  im p urity  centres
in vo lved  in  the s c a tte r in g  in  the samples used. S in ce  no c a r r ie r  lo s s  was
observed as a fu n ctio n  o f p ressure  o r temperature, the e f fe c t  o f io n ize d
im purity  s c a tte r in g  in  the A^c minima was deduced. With the e f fe c t iv e
mass r a t io s  given by Fawcett and Paige*-89-* A  ^ in t e r v a lle y  coupling
constants were c a lc u la te d  and were found to be 3.7 x 108 eV cm" 1 and
2.9 x 108 eV cm 1 fo r  430K and 320K phonons re s p e c t iv e ly . A n e g lig ib le
coupling constant was found fo r  the low energy, 100K LA phonon, in
(82^agreement w ith the r e s u lt s  o f Rode1 J fo r  s i l i c o n  and GaP.
As a r e s u lt  o f our a n a ly s is  o f  the A^c m o b ility  in  germanium the 
fo llo w in g  co n clu sio n s are p o s s ib le : -
(a) As i s  evident from i t s  T ~2 *7 temperature dependence, the e lectro n  
m o b ility  in  the A ^  minimum o f germanium is  dominated by the in t e r ­
v a lle y  s c a tte r in g  throughout the temperature range from room 
temperature to 100K, as i s  the case in  S i  and GaP. The in t e r v a lle y  
s c a tte r in g  in  the L^c minima o f germanium is  weak and th is  may be 
taken to im ply that t h is  might be the case in  other m a te ria ls  as 
w e ll .
(b) I t  i s  p o ss ib le  to p re d ic t  the m o b ility  v a r ia t io n  w ith  temperature fo r  
a pure germanium sample in  the A1 minima. Th is  was c a lcu la te d  by 
ig n o rin g  the io n ize d  im p u rity  sc a tte r in g  i . e .  by in c lu d in g  the 
a co u stic  deform ation s c a tte r in g  and in t e r v a lle y  s c a tte r in g  o n ly .
The re s u lta n t  m o b ility  v a r ia t io n  i s  shown by dotted curve in  F igure  
6.12a.
(c) The e f fe c t iv e  masses in  the A^c v a lle y s  are somewhat h igh e r than 
the measured masses in  s i l i c o n .  F le tch e r et a l *-5-* found that a 50% 
in crease  would g ive  reasonable f i t s  to th e ir  h igh  pressure r e s u lt s
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and a lso  to the h igh  f ie ld  c a lc u la t io n s  o f Fawcett and Paige *'89'* .
T h is  hypothesis i s  a lso  supported by our a n a ly s is  o f the u ltra -p u re  
m ateria l d escribed  in  the next Chapter.
Recent band s tru c tu re  c a lc u la t io n s  have suggested that the e f fe c t iv e
masses in  the (100) minima o f  germanium are s l ig h t ly  la r g e r  (Cohen and
B e rg stre sse r , Herman e t al*-91-*) comparable (Cardona and Poliak*-92-*,
( 9 3 )
Dresselhaus and Dresselhaus ) than the s i l i c o n .  However, there i s  no 
experim ental evidence. I t  would be u se fu l to a c t u a lly  measure the 
e f fe c t iv e  masses in  the A^c or X^-m in im a by magneto-phonon measurements.
To th is  end attempts have been made u sin g  germanium and GaAs in  
co lla b o ra tio n  w ith h igh  m agnetic f ie ld  stu d ie s group at Clarendon 
Laboratory, O xford. Magneto-phonon o s c i l la t io n s  were c le a r ly  observed in  
GaAs at room temperature to 22 k -b a r. Above 22 k -b a r in  a l l  the samples 
used the r e s i s t i v i t y  s ta rte d  to in cre a se  by orders o f  magnitude making 
magneto-phonon o s c i l la t io n s  too n o isy  to measure although temperature 
was lowered to 77K. T h is  i s  in te rp re te d  as due to trap  out o f c a r r ie r s  
to the im purity  le v e l below the X^c minima as has a lread y been reported by 
P i t t  and Lees^24-* . The d e ta ile d  account o f  the rate  o f  change o f 
e f fe c t iv e  mass w ith pressure and i t s  comparison w ith the k .p  theory 
could be found elsewhere*-94^.
In  germanium, although u ltra -p u re  m ateria l was used which e s s e n t ia l ly  
remained in t r in s ic  even above L^c - A^c cro ss-o v e r, i t  was not p o ss ib le  to 
measure the magneto-phonon o s c i l la t io n s .  The o s c i l la t io n s  were extrem ely 
weak and were in v a r ia b ly  masked by flu c tu a t io n s  in  r e s i s t i v i t y  caused by 
the ap p lied  p re ssu re . Although the p re lim in a ry  attempts to measure the 
e f fe c t iv e  mass o f e le ctro n s in  the X^c or A  ^ minima were not e n t ir e ly  
f r u i t f u l ,  success w ith  GaAs can s t i l l  be a n tic ip a te d . Up t i l l  now pure 
GaAs samples w ith  c a r r ie r  d e n sity  in  the range 1013-1 0 14cm~3 have been 
t r ie d  to avoid the im p u rity  s c a tte r in g  which o b vio u sly  k i l l s  the magneto*. 
phonon o s c i l la t io n s .  But in  the l ig h t  o f the problem o f  c a r r ie r  tra p -o u t
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one should s t r ik e  a compromise and use moderately doped samples so 
that at h igh  pressure  even i f  the c a r r ie r s  trap out to the above mentioned 
le v e l there w i l l  be some conducting c a r r ie r s  le f t  over in  the X^c minima 
to g ive  magneto phonon o s c i l la t io n s .  Preparations are being made to use 
m ateria l w ith c a r r ie r  d e n sity  in  the 1015- 1016cm~3 range.
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CHAPTER 7
HYDROSTATIC PRESSURE MEASUREMENTS ON ULTRA- 
PURE GERMANIUM
7 .1 . INTRODUCTION
The major e f fe c t  o f  h y d ro s ta t ic  pressure on an in t r in s ic  sem i­
conductor, as d iscu ssed  in  Chapter 4, i s  to decrease i t s  c o n d u ctiv ity  
by changing the e le ctro n  and hole d e n s it ie s  as the band gap in cre a se s. 
Hence measurements o f  the pressure  dependence of the c o n d u c tiv ity  g ive  
a d ire c t  measure o f the v a r ia t io n  o f  the energy gap so the pressure 
c o e ff ic ie n ts  fo r  d if fe r e n t  minima could be deduced.
Although the p ressure  c o e f f ic ie n t s ,  fo r  d if fe re n t  minima, in  
d iffe re n t  sem iconductors, have been ca lcu la te d  t h e o r e t ic a lly  by many 
workers as mentioned in  Chapter 3. M ille r  and Taylor*-95-* were the 
f i r s t  to measure exp e rim en ta lly  the pressure dependence o f the energy 
gap in  germanium up to a pressure  o f  12 k-b ar at temperature o f 4Q0K to
achieve in t r in s ic  conduction. L a te r , Paul and Brooks*-96-* and Michel 
(97)et a l '  7 repeated the above experim ents, u sin g  purer s in g le  c r y s t a ls ,  in  
the temperature range o f  298K-398K and up to 2.7 k-b ar p re ssu re . As a 
r e s u lt  o f the above measurements i t  became g e n e ra lly  accepted that the 
pressure c o e ff ic ie n t  o f  the energy gap ( L lc  minima) in  germanium i s  
dE
^  = 5 x 10 6 eV b a r" 1
S i l i c o n ,  on the other hand, was stud ied  by Paul and Pearson*-98-* 
under p re ssu re . They found that the energy gap in  s i l i c o n  (A^c minima) 
decreases w ith p re ssu re , opposite to that o f germanium, w ith the r a t e : -  
dE
= - 1.5 x 10"6eV b a r" 1 
In  a general review a r t ic le  on germanium and s i l i c o n ,  Paul*-99-* 
pointed out that the minima w ith  ( 100) symmetry (Alc  or X^ ) are expected 
to have a pressure c o e ff ic ie n t  anywhere between 0 and -2 x 10" 6 eV b a r" 1.
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more re c e n tly  suggests that in  order to in te rp re t  some
experim ental r e s u lt s  on I I I - V  compounds a value c lo s e r  to -3 .0  x 10 6eV bar 1
would be more appropriate fo r  the minima with (100) symmetry. Moreover
Aspnes*-8-* g ives T-X separatio n  in  GaAs as 0.48eV at atm ospheric p ressure .
P it t  and Lees*-4-* from the h ig h e r pressure stud ies concluded that the
r and X. minima in  GaAs cro ss over at 32 k -b ar. Th is  im p lie s  the l c  l c
Plc  - pressure c o e f f ic ie n t  to be 
dEr y■ = 15 x  10“ 6 eV b a r" 1dP
Now i f  w elber1 s *-1G'1-* measured pressure c o e ff ic ie n t  fo r  the energy 
dE]-.
gap lc  = 11.5 x 10~6 eV b a r" 1, w ith resp ect to the valence band, i s  
"dP
assumed to be co rre ct then the p ressure  c o e ff ic ie n t  fo r  the X^c -minima 
becomes 
dE
~  = (11.5 -  15) = - 3 .5  x 10" 6 eV bar _1.
In view o f  these u n c e rta in t ie s  and because o f the c e n tra l ro le
(43-45) (42)played by germanium in  th e o rie s  o f  Van Vechten , P h i l l ip s  and
(41)
Camphausen et a l i t  was decided to study the p ressure  c o e ff ic ie n t s  o f
both L. and A, minima in  u lt ra -p u re  m a te ria l, lc  l c  r
7 .2 . EXPERIMENTAL SET UP
Measurements o f the v a r ia t io n  o f  r e s i s t i v i t y  w ith  p ressure  have been 
made u sin g  both s o l id  and l iq u id  pressure tra n sm itt in g  media. C lo ve r le a f  
samples cut from both (111) and (100) oriented  s l ic e s  were used. Both 
o r ie n ta tio n s  were used to check the ro le  o f n o n -h yd ro static  s tre sse s  in  
the epoxy system in  the low pressure  region  as explained in  the la s t  
Chapter. Ohmic co n tacts to the u ltra -p u re  samples were achieved by 
im planting As+ ions (1 x 1015cm"3) to the sm all areas o f the c lo v e r le a f  
lobes. The samples were then la s e r  annea led  u sin g  a multi-mode Q switched 
ruby la s e r  [E = 0 .7  J  cm 2 and pulse  o f  25 n s ] . G o ld -t in  was then evaporated 
and the samples were therm ally  annea le d . Gold w ires were attached u sin g
a pulse t ip  bonder. The re s t  of the sample preparation  and the 
experim ental techniques used have been described in  the la s t  chapter.
?.&*, : vL A,: ^ V . ’ .'Vj. • '
;  7 .3 . EXPERIMENTAL RESULTS
-L  ; The measured r e s i s t i v i t y  w ith  pressure fo r both (100) and (111)
oriented  samples is  shown in  F ig u re s  7.1 and 7.2 re s p e c t iv e ly . Although
V
the d e n sity  of e le ctro n s remain always equal to the d e n sity  of h o le s , at
.» • w. low pressure the s ig n  of the H a ll vo ltage  corresponded to e le ctro n  
conduction s in ce  the e le ctro n  m o b ility  in  the L ^  minima of germanium 
is  g re ater than the hole m o b ility  i . e .  yT > p . At h igh  pressure the 
H a ll vo ltage  changes s ig n  sim ply because u > u. . T o  check the ro le  
of u n ia x ia l s t re s s e s , in  the s o lid  medium, at low p re ssu re , one of the
I ( 100) samples was a lso  p re ssu rise d  u sin g  the p isto n  and c y lin d e r  apparatus
| V .v' r ' V
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i * . The re s u lt s  are shown in  F ig u re  7.1 by s o lid  t r ia n g le s .  In  the p isto n
and c y lin d e r  apparatus the pressure can be monitored very a ccu ra te ly  
from the response of a standard manganin gauge. As i s  evident from 
F igu re  7.1 the r e s u lt s  of both l iq u id  and s o lid  media agree very w e ll up 
to the maximum a v a ila b le  pressure  of 15 k -b a r. T h is  i s  as expected s in ce  
the u n ia x ia l s t re s s e s , as explained  before, are b e lie ve d  to be in  the 
( 100) d ire c t io n  and does not s p l i t  the norm ally occupied ( 111) v a lle y s .
i- y i
The r e s u lt s  fo r  the (111) oriented  samples, as shown in  F i g . 7 .2 ,
show a s l ig h t  s c a tte r  at low p re ssu re . T h is  i s  probably due to the 
. . .fr, in flu e n ce  of u n ia x ia l s t re s s e s , but as the pressure i s  increased  the
I system becomes more h y d ro sta tic  in  nature and the s c a tte r  in  the r e s u lt s
disappear near 15 k -b a r . S ince the m ateria l used i s  s l ig h t ly  inhomogeneous 
d iffe re n t  samples show d if fe r e n t  degrees of e x t r in s ic  conduction to be 
d iscu ssed  la t e r .
's£ & & & &
• ‘ 7. 4.  ANALYSIS OF RESULTS
The H a ll vo lta g e  i s  sm all and i t s  pressure dependence d i f f i c u l t  to
• j . 'W'W.v'Cf. V s i
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measure accurately, also its interpretation is complicated. The conductivity, 
on the other hand, arises from a relatively simple algebraic sum of the 
contributions from carriers in each band. Since the Fermi level, Ep, is 
far from the band edges, we may write carrier densities in the following 
way: -
E^-Ep
n = Nc exp - (-Y  'f-J (7.1)
B
and
E -E
p = Ny exp - ( y V) (7.2)
where Nr and N are the effective density of states of the conduction an>dU* V
valence bands respectively.
flt room temperature some of the electrons will be excited from the
normally occupied L^c minima to the higher minima. Due to the small density
of states of the F^c minima as compared to the A^c minima, the carriers
will scatter to the A^c minima. Moreover, the F^c minimum, having a pressure
coefficient of + 14.0 x 10~6 eV bar"1, will move rapidly away from the
valence band as soon as pressure is applied - hence eliminating the
chance of carriers being scattered to it. Therefore equation 7.1 is to be
modified in terms of the L. and A. band carrier densities as:-lc lc
Er r EF
nL = nc l  exP - (~ v r “ ) (7 - 3)
e ca- e f
”a = nca exp - C7-4)
where N„r, N and N can be written from equation 4.2 asL.L Vj/a V
m o r2 * kBT('mDS-*L-rNCL * h2  ^ (7-5)
, r2 11CA = 2 [------ ^7--- -1 (7-6)
2 ” kBT (raDS)V 3/2 Ny = 2 t P., DS V] (7.7)
hz
where m*g is the density of states effective mass given by
mDS = *^mt2 ml^  ^  3 ^  ^  3 
v being the number of minima involved.
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Thus i f  the e f fe c t iv e  masses o f the c a r r ie rs  are known then the d e n sity  
o f sta te s  e f fe c t iv e  mass and hence the d en sity  o f sta te s  o f  a p a r t ic u la r  
minima could be c a lc u la te d .
In  an in t r in s ic  semiconductor to ta l number o f e le ctro n s i s  always 
equal to the to ta l number o f h o le s , i . e .
n = p (7 .8 )
In  the case o f germanium equation 7.8 could be w ritte n  as
nL + nA = P (7 .9 )
or
n? = n x p = (nL + nA) x p (7.10)
The expressions fo r  the Fermi energy, Ep and the in t r in s ic  c a r r ie r  
d e n sity  can be w ritte n  from the above equations a s : -  (see Appendix B, C)
Ep = —  In  [jj-  exp ( - k^ r )  + exp ( j ^ r ) ] (7 .11)
and
E E i
= n = p = [Nl  Ny exp ( - +  NA Ny exp ( - j p f ) ]  (7.12)
B B
Thus assuming the d e n sity  o f  s ta te s  e f fe c t iv e  mass r a t io s  the Fermi energy
could be c a lcu la te d  from equation 7.11 and hence the c a r r ie r  d e n s it ie s  from
equations 7 .2 , 7.3 and 7 .4 . The e le c t r ic a l  co n d u ctiv ity  then becomes
a = e [nL yL + nA pa + p pp] (7.13)
The e le ctro n  m o b ilit ie s ,  yp and y^ were obtained from the r e s u lt s  d escribed
in  the la s t  Chapter and the m o b ility  o f h o le s, yp, was taken to be
1900 cm2v 1s 1 and assumed to be pressure independent. Thus the co n d u ctiv ity
can be ca lcu la te d  at d if fe r e n t  pressures from equation 7.13 provided nT ,
n. and p can be c a lc u la te d  from the pressure c o e ff ic ie n ts  o f the L., and A,A r lc. lc
minima with resp ect to the top o f  the valence band.
\
7.5. DISCUSSION
The ra te  o f  change o f  co n d u c tiv ity  w ith pressure could be w ritte n  
from equation 4 .4  as:
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, i , . dE
3P ( in  a) = J f t  [ln (N c Ny) ]  '♦ gp  [ ln (y n + y  ] - ^  3/  <7' 14)
where yn i s  some s u ita b le  average o f y^ and y^.
In germanium i t  can be shown th at the la s t  term in  equation 7.14 i s
dominant. The f i r s t  two terms are two orders o f  magnitude sm alle r and are
o f opposite s ig n  to one another so tend to cancel. So the above com plicated
equation reduces t o : -
, dE
|p. cm a) - - 3^  C7-1S)£>
Although germanium has L - F -A conduction band o rderin g  at atmospheric
pressure s in ce  minimum does not contribute  to the h igh  pressure r e s u lt s ,
as explained  e a r l ie r ,  we consider L - A band o rderin g.
At low pressure where E^ >> Ep the second term in  equation 7.12
becomes n e g lig ib le  and the e f fe c t iv e  band gap, E , i s  dominated by E T so
g L
the equation 7.15 becomes: -
d 1 dEl
HP l^n  ^  2kTT  dP~ (7.16)O
At h igh  pressure where E^ >> E^ the f i r s t  term in  equation 7.12
becomes n e g lig ib le  and the e f fe c t iv e  energy gap, E i s ,  in  t h is  caseg
dominated by E^ so equation 7.15 reduces t o : -  
d 1 dEA
dP ( ln  a) ='2 k T T  W ~  (7 .17)D
Thus in  the very h igh  and ve ry  low pressure regions where the v a r ia t io n  o f
dE dE
In p i s  l in e a r ,  as shown in  F igu re  7 .1 ,^p— and ^p— can be obtained 
d ir e c t ly  from the g ra d ie n t o f  the experim ental curve w ithout knowledge o f 
any other parameter.
T h is  a n a ly s is  holds o n ly  fo r  a p e r fe c t ly  pure sample and i t  was 
f i r s t  necessary to e s ta b lis h  that no s ig n if ic a n t  e x t r in s ic  conduction occured. 
To t h is  end the temperature dependence o f the H a ll m o b ility  was monitored 
down to 100K at atm ospheric p re ssu re . The m o b ility  v a r ia t io n  o f  one o f  the 
samples i s  shown in  F ig u re  7 .3 . A t ra n s it io n  from n-type to p-type
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co n d u ctiv ity  occured a t 150K. I t  i s  in te re s t in g  to note from F igu re  7.3
that the t ra n s it io n  i s  very sharp and the m o b ility  a fte r  the t r a n s it io n
has achieved a va lue s im ila r  to the one before the t ra n s it io n .  Th is  i s
so because in  germanium at 150K the m o b ility  o f e lectro n s and holes
happens to have s im ila r  magnitudes as shown by the r e s u lt s  o f Morin and 
(102) .Maita^ in  F igu re  7 .4 . From the t ra n s it io n  temperature, where H a ll 
constant or m o b ility  goes to zero, the number o f e le ctro n s, n, and that 
o f h o le s, p, may be c a lc u la te d , (see Appendix D ). The e x t r in s ic  
conduction was then ca lcu la te d  and i s  l i s t e d  in  Table 7.1 fo r  a l l  the 
samples used.
Sample O rie n ta tio n  Aa (mohs cm"1)
A 100 5.96 x 10-l+
B 111 4.933 x 10" 3
C 111 7.687 x 10" 3
D 111 8.723 x 10“ 3
E 100 9.5 x 10~3
TABLE 7 .1 .
In  the case o f  the most pure sample, A, ta k in g  sm all e x t r in s ic
conduction o f  5.96 x 10 4 mhos cm"1, as given in  Table 7.1, in to  account
and assuming the d e n sity  o f  s ta te s  e f fe c t iv e  mass r a t io s  in  the valence
band and the L, and A. minima o f  the conduction band as m* = 0 .4 0 , l c  l c  xt V *
Am* = 0.56 and m* = 1.58 r e s p e c t iv e ly  ( i . e .  = 4.86 which gave a good
L
agreement between theory and the experim ental data o f  the la s t  Chapter)
best o v e ra ll f i t ,  as shown in  F igu re  7.5 was obtained w ith the fo llo w in g
param eters: -  
dE
- 4.8 + o.2 x 10"6 eV b a r-1
_  =-2.4 ± 0.4 x 10~6 eV bar"1
100 200 300 500 
TEMPERATURE (K)
1000
F IG . 7 .4  VARIATION OF ELECTRON AND HOLE MOBILITIES
IN GERMANIUM WITH TEMPERATURE (AFTER MORIN & 
MAITA102)
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( ---------- ) Using o ld  press ire  c o e f f ic ie n t s )
AEl  a = 0.21 ± 0.01 eV at atmospheric pressure r e s u lt in g  in  
band cro ss in g  at 29 ± 2 k -b a r.
In  our a n a ly s is  no account was taken o f the increased  r e s i s t i v i t y
due to the enhanced e le ctro n  s c a tte r in g  between the L^c and A^c minima
near the band cro ss-o ve r and t h is  may account fo r  the few rather h igh
experim ental p o in ts , in  F igu re  7 .5 , near the top. To demonstrate the
s e n s it iv i t y  o f these c a lc u la t io n s  to the a d ju stab le  param eters, the
(S)va lu es given p re v io u s ly  by P i t t  o f : -  
dE
gp— = 5.0 x 10 6 eV bar 1 
dE
•gp— = -1 .0  x 10" 6 eV b ar' 1 
and AE^_a = 0.19 eV at atm ospheric pressure were assumed. The 
c a lc u la te d  curve i s  a lso  shown in  F igu re  7.5 by the dotted curve. Although 
at low pressure the agreement i s  reasonable c le a r ly  the d iscrepancy at 
h igh  pressure i s  la rg e .
Few samples showed in t r in s ic  co n d u ctiv ity , but once the pressure  
c o e ff ic ie n t s  are deduced from the purest sample, A, th e o re t ic a l f i t s  to 
the le s s  pure samples were obtained sim ply by tak in g  in to  account the 
re sp e ctiv e  amount o f  e x t r in s ic  conduction, as shown in  Table  7 .1 . The 
re s u lta n t  curves are p lo tte d  in  F igu re s 7.5 and 7.6 and as can be seen good 
agreement between theory and experiment was obtained.
7 .5 .1 . D ensity o f  S ta te s  Ratio
Although the deduction o f  the pressure c o e ff ic ie n t s  i s  independent o f
the d e n sity  o f s ta te s  o f  the bands, as explained e a r l ie r ,  yet i t  i s
in te re s t in g  to see what va lu es other workers have used in  th e ir  models.
There i s  no d ir e c t  measure o f  t h is  parameter a v a ila b le  in  l i t e r a t u r e  to
date. The va lu es pub lished  so fa r  a r e :-
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NAReference R atio  pI(93)Dresselhaus and D resselhaus 1.55
Cardona and P o lia k * 92-* 2.7
F le tch e r and P it t * 5"* 5.5
Fawcett and Paige*69-* 4.86
In  order to in te rp re t  the h igh  pressure r e s u lt s ,  the r a t io
^A (5)p  needed to be between 4.2 - 5 .5 , as pointed out by P i t t  et a l v
Fawcett and Paige*69-*, as a r e s u lt  o f  h igh f ie ld  c a lc u la t io n s , p re d icted
e ffe c t iv e  mass va lu es fo r  the A^c minima in  germanium which corresponds 
Nto _A_ = 4 .86. T h is  i s  w ith in  the range mentioned above and t h is  i s  the 
NLone we have used in  our a n a ly s is .  However to examine the in flu e n ce  o f
NAt h is  parameter we have a lso  t r ie d  p  = 2 .7 , as given by Cardona and
(9 ? )  E
P o lia k k ~J and re c a lc u la te d  the r e s i s t i v i t y  as shown in  F igu re  7.7.
In  order to m aintain  o v e r a ll f i t  any decrease in  the d e n sity  o f s ta te s
nar a t io ,  p, must be accompanied by a decrease in  energy se p ara tio n ,
L Na
A E ^ ^  . A good f i t  u sin g  p  = 2.7  was obtained, as shown in  F igu re  7.7
L
w ith AE^_a = 0.17 eV. However, t h is  i s  a rath e r low band separatio n  at 
atmospheric pressure when compared to the value o f 0.20 eV measured by 
Slykhouse and Drickamer *4G3-*.
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7.6 . CONCLUSION
From the se r ie s  o f  pressure  experiments on the u ltra -p u re  germanium 
described here, we have been able to determine w ith some accuracy the 
pressure c o e ff ic ie n t s  fo r  both the L^c and A^c minima, the la t t e r  fo r  the 
f i r s t  tim e. The r e s u lt in g  pressure  c o e ff ic ie n ts  b e in g :-  
dE?
= 4 .8  ± 0 .2  x 10“ 6 eV bar~ldP 
dE
-gA  = - 2.4 ± 0 .4  x 10"6 ©V b a r" 1 
These va lu es are independent o f the energy separatio n , AE^_A at atmospheric
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pressure or the d e n sity  o f  s ta te s  o f the minima. However, tak in g  the 
d e n sity  o f s ta te s  e f fe c t iv e  masses mf = 0 .5 6, m* = 1.58 and m* = 0 .4  which
Li LA V
y ie ld e d  good agreement w ith the r e s u lt s  o f  the la s t  Chapter re su lte d  in
best f i t  over the whole curve w ith  AE. . = 0.21 ± 0.01 eV and band (L . -A. )L-Za l o l c
cross over at 29 ± 2 k -b a r. The re s u lta n t  energy separation  AEp ^ i s  in
good agreement with the va lu e  o f 0.20 eV measured by Slykhouse and
Drickam er*1^ 3-*. The most s ig n if ic a n t  p o in t about these r e s u lt s  to note i s
dEA
the la rge  n egative  p ressure  c o e f f ic ie n t  -jp— = -  2.4 x 10 6 eV b a r" 1.
The most u se fu l theory fo r  the p re d ic t io n  o f the band minima pressure
(43 44 451c o e ff ic ie n ts  i s  based on the work o f Van Vechten^ * ’ . Using t h is
(411
Camphausen et a l were able to obtain  r e la t iv e ly  good agreement w ith
the measured pressure c o e ff ic ie n t s  o f the r .  and L. band minima w ith r lc lc
respect to the va lence band but the agreement was worse at the A^c or 
X^c p o in ts where the p re d icted  va lue was very sm all or even o f the wrong
(411
s ig n . Camphausen et a l m odified above theory by in c lu d in g  the io n ic it y
dE
and obtained reasonable agreement i.e .-^p— in  the range 0 to -1 x 10 6 eV b a r " 1. 
The value o f -2 .4  x 10 6 eV b ar" 1 which we obtain  in d ic a te  that perhaps these 
th e o ries needs to be re v ise d  in  the l ig h t  o f the most recent o p t ic a l measure­
ments o f the re la te d  band stru c tu re .
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CHAPTER 8
UNIAXIAL STRESS MEASUREMENTS ON N-TYPE GaAs.
8 .1 . INTRODUCTION
Diamond and zin c-b le n d e c r y s t a l stru ctu re s have been stud ied , 
under u n ia x ia l s t r e s s ,  by se vera l au tho rs(48,50,104)  ^ TIie in flu e n ce  o f 
u n ia x ia l s tre s s  on the r e s i s t i v i t y  and threshold  f ie ld  o f  GaAs was 
f i r s t  measured exp e rim e n ta lly  by Shyam, A lle n  and Pearson*1G5-* in  1966 
fo r  s tre sse s  up to 25 k -b a r . These measurements were repeated in  1970
(91
by H a r r is ,  Moll and Pearsonv in  the s tre ss  ranges 0-11 k -b a r fo r  (100)
samples and 0-19 k -b a r  fo r  (111) samples. S ig n if ic a n t ly  d if fe re n t
r e s u lt s  were obtained w ith  l i t t l e  comments from the au thors. No
c a lib r a t io n  measurements were given  in  e ith e r  paper. In  view o f the
work to be described la t e r  i t  seems u n lik e ly  that the h igh  s tre ss
claim ed by Shyam et a l* 105-* was a c t u a lly  achieved. Moreover a t the
stre ss  le v e ls  quoted the hardened s te e l a n v ils  used w i l l  be deformed,
co m plicatin g  the s t r e s s .  A lso , the s ty lu s  type apparatus used means that
any s l ig h t  m isalignm ent w i l l  cause a la rge  departure from u n ia x ia l s t re s s .
They concluded, on the b a s is  o f the above measurements, that the T -X -L
band stru ctu re  o rd e rin g  i s  co rre ct fo r  GaAs.
However, the recent a n a ly s is  o f Vinson et a l* 6-* and Adams et a l* 2-*
o f the in flu e n ce  o f  h y d ro s ta t ic  pressure and u n ia x ia l s tre s s  on the
thresh o ld  fo r  the Gunn e f fe c t  in  GaAs supported r -L -X  band o rd e r in g .
Best o v e ra ll agreement was obtained with AE T » 0.38eV and aE = 0.40eVr —l  r-A
fo r  the r l c - L lc  and r l c ~x l c  sub-band gaps re s p e c t iv e ly . Aspnes*8-* agrees
with the above band stru ctu re  ordering  but concluded, from the e le c t r o -
re fle c ta n c e  measurements that aE t = 0.29eV and aE v = 0.48eV.r - L  r -X
(9)Measurements reported by H a r r is ,  Moll and Pearson^ J and by P ick e rin g  
and Adams*10-* o f  the in flu e n ce  o f  (100) s tre ss  on both the low f ie ld
r e s i s t i v i t y  and on the thresh o ld  f ie ld  fo r  the Gunn e f fe c t ,  F^, were 
in  agreement w ith one another but gave an anomalously h igh value fo r  
the deformation p o te n tia l E^ o f  21 ± 9eV compared to about 8eV fo r
s i l i c o n  and germanium. The sample co n fig u ratio n s o f both H a rr is  et a l 
and P ick e rin g  et a l* 4G  ^ were chosen fo r  the observation  o f Gunn 
o s c i l la t io n s  but were a lso  used fo r  the lo w -f ie ld  r e s i s t i v i t y  measurements. 
S ince i t  was m ainly to f i t  to the (100) s tre ss  r e s u lt s  that the sm all 
r-X  separation  was chosen in  disagreement with the e le c tro re fle c ta n c e  
data. Because these r e s u lt s  y ie ld e d  such a la rg e  va lue o f E*, i t  was 
decided to repeat the lo w -f ie ld  r e s i s t i v i t y  measurements u sin g  a more 
s u ita b le  four term inal sample arrangement. Ju s t  fo r  confirm ation  the 
in flu e n ce  o f  ( 111) s t re s s  i s  a lso  observed although the r e s u lt s  o f 
P ic k e r in g  and A d am s*^  agree ve ry  w e ll w ith a lread y  reported r e s u lt s * 9  ^
fo r  GaAs, germanium, and s i l i c o n .
S . 2. SAMPLE DETAILS
The c h a r a c t e r is t ic s  o f  the samples, which were grown on (100) 
o riented  se m i-in su la t in g  su b strates by vapour phase e p ita xy  a t S .T .L .  
except the s l i c e  L267, which was grown on (110) o rie n ted  su bstrate  a t 
Max. P lanck In s t it u t e  Germany, are given in  Table 8 .1 . Ohmic contacts 
to the s l ic e  were made by evaporating Au-Sn and n ic k e l,  in  the form o f 
p a r a l le l  e le ctro d e s, and then a llo y in g  at 525°C fo r  three m inutes.
The s l ic e  was then cut in to  p a ra lle lo p ip e d sco n ta in in g  fo u r e le ctro d e s, 
as shown in  F igu re  5 .11, w ith  a diamond saw. Gold w ires were attached to 
the e lectro des u s in g  a p u ls e -t ip  bonder as explained in  Se ctio n  5 .5 .
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Sample C a rr ie r  D ensity M o b ility  Layer Th ickn ess
cm-3 c n / v ^ s " 1 x 10-l+cm
s 132A 7.8 X 1014 7800 62.5
R 225D 3.0 X 10llf 8200 26.0
R 300A 1.1 X 1015 7900 15.0
R 242E 4.9 X 10lk 7850 13.5
S 179A 9.0 X 10lk 7350 12.5
S 171D 1.0 X 1015 6900 11.0
S 181A 4.5 X 1015 5700 11.0
S 183A 2.8 X 1015 6220 10.0
L 267 = 1014 8000 15.0
TABLE 8 .1 .
8 .3 . EXPERIMENTAL ARRANGEMENT
The major disadvantage o f u s in g  Gunn diodes w ith an e p it a x ia l la y e r  
on an n+ su b strates as used by H a r r is  et a l *9-* and P ic k e r in g  and Adams*10-* 
is  that the a c t iv e  la y e r  i s  c lo se  to the a n v il where the s t r a in  i s  most 
l i k e ly  to be non-uniform . Measurements on bulk s i l i c o n  by P ic k e r in g  and 
Adams*10-* have shown that the s t re s s  i s  uniform through the volume o f the 
sample - however, b u lk  n -typ e  GaAs samples s u ffe r  from tra p -o u t to deep 
le v e ls  under u n ia x ia l s t r e s s .  I t  was therefore decided, in  the experiments 
to be described here, to use e p it a x ia l la ye rs  on s e m i-in s u la t in g  su b strate s 
with the s tre s s  d ire c t io n  p a r a l le l  to the la y e r-su b stra te  in te r fa c e . By 
u sin g  a fo u r term inal system, the e ffe c ts  due to the co ntacts were reduced 
and the a c t iv e  area was r e s t r ic t e d  to the ce n tra l region  away from the 
a n v i ls .  The sample arrangement o f F igu re  5.11 was used. Two s iz e s  o f 
vo ltage  e lectro d e s were used s in ce  they, as w i l l  be d iscu ssed  la t e r ,  
d is to r t  the cu rren t flow through the e p ita x ia l la y e r . The u n ia x ia l s t re s s
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apparatus and the measuring technique as described in  Se ctio n  5.5 were 
used in  these measurements.
8 ‘4 * CRYSTAL ORIENTATION
The o r ie n ta t io n  o f the s l ic e s  was checked by e le ctro n  m icroscopy 
usin g  "ELECTRON CHANNELING PATTERN" a n a ly s is .  Both (100) and (111) 
oriented  samples were used. S in ce  (110) plane contains both (100) and 
(111) type d ir e c t io n s , as shown in  F igu re  8 .1 , a (110) oriented  su b stra te ,
L 267, was se le cte d  and n+ la y e r  was grown on i t  in  co lla b o ra tio n  w ith  the 
Max. P lanck In s t it u t e ,  West Germany. Both (100) and (111) oriented  
samples were cut from t h is  s l i c e  by u sin g  the above technique.
8 .5 . EXPERIMENTAL RESULTS
8 .5 .1 . ( I l l )  S tre ss
As a lread y mentioned, the b u lk  GaAs samples s u f fe r  from deep im p u rity
trap -  0.15eV below the minimum g iv in g  r e s i s t i v i t y  r is e  as soon as
s tre ss  i s  a p p lie d . The a n a ly s is  o f  t h is  e f fe c t  has a lread y  been reported
by P ic k e rin g  et a l* 10^. N e ith e r the e p ita x ia l (on n+ su b stra te s) samples
they used, nor the n on se m i- in s u la t in g  su b strates samples'we have used,
show any evidence o f such an im p u rity  le v e l.
The v a r ia t io n  o f  norm alised r e s i s t i v i t y  fo r  the (111) samples w ith
s tre s s  i s  shown in  F ig u re  8 .2 . I t  can be seen th a t up to 5 k -b a r no
appreciab le  change was observed, the reason fo r  which i s  d iscu ssed  la t e r .
Beyond 5 k -b a r , when one o f the L^c v a lle y  approaches minimum, the
r e s i s t i v i t y  begins to in cre a se . These re s u lts  can be exp la ined  by the
thermal r e d is t r ib u t io n  o f  e le ctro n s between the r . and L. v a lle y s .lc lc ,
U n fortunately  the q u a lit y  o f  the p a ra lle lo p ip e d  samples we have used was 
not good and we could o n ly  achieve stre sse s  up to 7 k -b a r when the 
c r y s t a ls  fra c tu re d . But s in c e  the re s u lts  to t h is  p o in t agree with 
P ic k e r in g  and Adams***'** and H a rr is  et a l* 9  ^ and because P ic k e r in g  and
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F IG . 8 .1  110 PLANE WITH 100 and 111 TYPE DIRECTIONS SHOWN.
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Adams***9 , a n a ly s is  gave shear deformation p o te n t ia ls  -  22 (± 3 )eV 
and (Hj - a) = -10(± 3 )eV which agrees very  w e ll w ith those fo r  L^c 
v a lle y s  in  germanium*47-^ o f 18.95eV and -10.07eV re s p e c t iv e ly  and a lso  
w ith the r e s u lt s  o f GaSb***^ o f 5u = 16.0 (± 3 .5)eV , we decided to
concentrate on the e f fe c ts  o f (100) s tre s s  on GaAs.
8 .5 .2 . (100) S tre s s
The v a r ia t io n  o f  the lo w -f ie ld  r e s i s t i v i t y  w ith (100) s tre s s  i s  
shown in  F igu re  8 .3 . A lso  shown in  t h is  f ig u re , fo r  comparison, are the 
r e s u lt s  o f H a r r is  et a l* 9  ^ and P ic k e r in g  and Adams* .  I t  can be seen 
th at the re s is ta n c e  in cre a se s  showly and l in e a r ly  up to 10 k -b a r above 
which the samples broke. No evidence was found o f  the steep in cre a se  
o f r e s i s t i v i t y  beyond 5 k -b a r  which has been observed by H a rr is  et a l
and P ic k e r in g  and Adams and which has been a ttr ib u te d  to the e lectro n
tra n s fe r  to the approaching minima.
In  the measurements shown in  F igu re  8.3 both d ire c t io n s  o f current 
were used fo r  each reading and no asymmetry was observed. A lso  in  some 
o f the samples measurements were made both on in c re a s in g  as w e ll as i 
decreasing s t re s s  c y c le s  and no h y ste re s is  e f fe c ts  were observed as shown 
in  F igu re  8 .3 . No d etectab le  d iffe re n c e  was observed w ith samples of 
d if fe r e n t  la y e r th ickn e ss su ggestin g  th at the s t r a in  at the su rface  was
the same as that over the whole c ro ss -s e c t io n . A lso  i t  suggests that
the in - b u i l t  s t r a in  due to la t t ic e  mismatch between the e p it a x ia l la y e r
and the su b strate  was not severe s in ce  i t  i s  expected th a t th is  would be
more pronounced in  the th in n e r la y e rs .
8. 6 . ANALYSIS OF RESULTS
8 .6 .1 . ( I l l )  S tre s s  R e su lts
No observable change in  r e s i s t i v i t y  below 5 k -b a r was detected 
w ith in  experim ental e r ro r , as shown in  F igu re  8 .2 . In  fa c t  in  t h is  s tre s s
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range two processes are o ccu ring  sim ultaneously. They a r e :-
(a) A decrease in  re s is ta n ce  o f -  0.5% due to dim ensional changes 
in  the sample (Appendix E) .
(b) An in crease in  re s is ta n c e  due to an in crease in  the 
e f fe c t iv e  mass. Using the measured change in  e f fe c t iv e  mass 
with (111) s t re s s , to be described in  Sectio n  8 .7 , o f 0.075% 
k .b a r -1 g iv e s  an in crease in  re s is ta n ce  o f -  0.5% to 5 k .b a r .  
However, t h is  i s  expected to be p a r t ic a l ly  reduced due to the 
s p l i t t in g  o f the heavy and l ig h t  hole valence bands which 
reduces the e f fe c t iv e  band-gap in cre a se .
The e f fe c ts  o f (a) and (b) appear to cancel to 5 k bar and the 
increase  in  r e s i s t i v i t y  beyond t h is  stre ss  is  a ttr ib u te d  to the tra n s fe r  
o f e le ctro n s to the descending L^c v a lle y .  A d e ta ile d  a n a ly s is ,  as 
mentioned e a r l ie r ,  has been given  by P ick e rin g  et a l* 10-*.
8 .6 .2 . (100) S tre ss  R e su lts
The re s is ta n c e  in crease  w ith  (100) stre ss  as shown in  F igu re  8.3 
i s  always lin e a r  up to 10 k .b a r above which samples broke. In t h is  case 
the re s is ta n c e  decrease due to the dim ensional changes o f  the sample to 
5 k .b a r i s  = 0.95% (Appendix E ) . Whereas the measured e f fe c t iv e  mass 
change o f 0.23% k bar 1, to be described in  Se ctio n  8 .7 , g ive s an 
in crease o f = 1.7% in  r e s i s t i v i t y .  Hence a net sm all increase  in  
re s is ta n ce  to 5 k .b a r  was observed. Beyond 5 k .b a r  s in ce  the re s is ta n ce  
continues to in crease  l in e a r ly ,  without any sign  o f  exponentia l change, 
these r e s u lt s  need to be analysed more r ig o ro u s ly  as fo l lo w s :-
The u n ia x ia l s t re s s  removes the degeneracy o f the valence band. As 
explained in  Se ctio n  3 .2  that the energy o f the l ig h t  hole band in creases 
whereas that o f  the heavy hole band decreases r e la t iv e  to th e ir  mean 
p o s it io n . Assuming that the s p l i t t in g ,  6E, between l ig h t  and heavy hole 
bands is  sm all compared to the sp in  o rb it  s p l i t t in g  then the quadratic
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terms in  equation 3.10 could be ignored. The ra te  of separation  of these 
bands from the bottom of the condution band can be w ritte n  as:~
dEx
d ^ o  = a *s ll + 2 s 12) " b *s ll ' s 12^ * 8,i;)
dE7
dx^0() “ ^ 11 T “ J 12" ' w ^ 11 " * 12-= a (s + 2 s . . )  + b (Sl1  - S lo ) ( 8 . 2)
dE3
c5T~ = a * hi  + 2 s 12  ^ ( 8 *3)A100
The Tlc  e f fe c t iv e  mass expression  (equation 2.4)
m* Ep-r , 2 1 .-,*1—  = [1 + —  (g—  + g— +~A~ '■* in tbis case can be written
o o o o
as
E -  "  = * . 1  
in -  l a T - 3  >-E7 T 1 7  T E ~ J J ( 8 ’ 4)o 4 fcl  2 3
Note that the f i r s t  term in s id e  the c u r ly  bracket o f equation 2.4 has 
been s p l i t  in to  two terms, E^ and E 2 because in  the previous case two 
hands (heavy and l ig h t  hole bands) were degenerate at k = 0 but 
under u n ia x ia l s t re s s  they s p l i t .
m*Assuming GaAs band parameters at zero s tre ss  o f —  = 0.068mo
Ex = E2 = 1 .42eV 
E3 = 1 .7606eV
Ep_p = 20.8eV (assumed constant with pressure) 
and the e la s t ic  compliance constants * ^ 7 ) as 
s n  = 1.173 x 10"6 b a r" 1 
s p7 = -0.366 x lO ’ ^bar' 1
a ( s ^  + 2 s 12) = ~ 3.36 x 10“6eV b a r-1 from h y d ro s ta tic  pressure 
(74)experiments .
b = - 2.0eV, as measured by P o lia k  et a l *50-*.
Using these parameters in  equations 8.1 - 8.3 the v a r ia t io n  o f 
re s is ta n ce  with s t re s s  was c a lc u la te d , as shown in  F igu re  8.3 when 
m o b ility  y « m* " 3^ 2 was assumed - appropriate fo r p o la r o p t ic a l 
phonon s c a tte r in g .
8.7. STRESS DEPENDENCE OF THE EFFECTIVE MASS
Sin ce  the in te rp re ta t io n  o f s t re s s  dependence o f  the transp o rt
p ro p e rtie s  o f  semiconductors s tro n g ly  depend on the e f fe c t iv e  mass o f 
the e le c tro n s , i t  was decided to measure, exp e rim en ta lly , the 
e f fe c t iv e  mass as a fu n ctio n  o f  s t r e s s .  The change in  the e f fe c t iv e
mass o f e le ctro n s produced by the a p p lic a t io n  o f u n ia x ia l s t re s s  can 
be detected by measuring the v a r ia t io n  in  the Zeeman s p l i t t in g  o f  the 2p 
donor le v e l with s tre s s  a t a f ix e d  magnetic f ie ld .  T h is  i s  accomplished 
by observing the l s - 2p and l s - 2p+ t r a n s it io n  en erg ies.
These experiments were c a rr ie d  out at the Clarendon Laboratory
fill) 1Oxford in  c o lla b o ra t io n  w ith  Cooke, R.A. et a l . Using a fa r  
in fr a -re d  Fo u rie r spectrom eter*108-* and a s tre s s  apparatus*109-* incorporated 
w ith 6 .5  T e s la  superconducting magnet. The technique and the apparatus 
is  d escrib ed , in  d e t a i l ,  elsewhere*110,111-*.
The sample c h a r a c t e r is t ic s  and dimensions used are summarized as 
in  Table 8 .2 . The com pressional s t re s s  was app lied  p a r a l le l  to the long 
dimensions o f the sample which was p a r a l le l  to the magnetic f ie ld .
Sample ND~NA (77K) y 77K E p it a x ia l  Layer Dimensions
_ 3 cm2v - 1s “ 1 Th ickness (mm) 3Cm i r\ 3x 10~5 m.m.
H 464 (100) 3 x 10li+ 8.1 x 105 32 0 .3  x 1.5 x 4.0
L 267 (111) « x 10llf * x 105 15 0 .5  x 0 .5  x 1.0
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The v a r ia t io n  o f the e f fe c t iv e  mass w ith  u n ia x ia l s t re s s  was measured 
fo r  s t re s s  ap p lied  p a r a l le l  to both (100) and (111) d ir e c t io n s . The p er­
centage change in  m* i s  p lo tte d  fo r  each d ire c t io n  in  F igu re s 8.4 and 
8.5 re s p e c t iv e ly . The e rro r bars a r is e  c h ie f ly  from the experim ental 
u n c e rta in ty  in vo lved  in  measuring the peak p o s it io n s . From t h is  data the 
s tre s s  dependence o f m* c a lc u la te d  fo r  both the s tre s s  d ire c t io n s  i s  
shown in  Table 8 .3 . The e rro rs  quoted represent the maximum u n ce rta in tie s  
which are ca lcu la te d  from the grad ien ts o f the lin e s  w ith maximum and 
minimum slopes which pass through a l l  the e rro r b a rs , ra th e r than the 
r .m .s . va lu e .
S tre s s  Parameter Theory In fra -R e d  Raman Far
D ire c t io n  (Aspnes and R e fle c t io n  (A b s tre ite r  In fra-R e d
and the r e s u lt s  o f unpublished Raman and in fr a -re d  r e f le c t io n  data (A b s tre ite r  
and Cardona, p r iv a te  communication) i t  should be noted th at the mass changes
w ith  magnitudes given in  Table 8 .3 . A lso  shown are the b est s t ra ig h t  l in e  
g ra d ie n ts  o f the unpublished data, the e rro rs  being estim ated by the same 
means as fo r  the r e s u lt s  described here.
8 . 8 . DISCUSSION
Although the low f ie ld  r e s i s t i v i t y  measurements as a fu n ctio n  o f (111)
Cardona) (A b s tre ite r  and Cardona) (T h is  work) 
and Cardona)
(100) Am*% k -b a r -1 0.45 0 . 18±0.08 0 . 4±0.08 0.23+0.06
k-b a rAmax 4.0 4 .0 4.0
(111) Am*% k -b a r ’ 1 0.24 0.00±0.1  - 0 . 16±0.08 0.075±0.015
4.5 4 .0 8.0
TABLE 8.3
In  comparing these e rro rs w ith  the th e o re t ic a l va lu es o f  Aspnes and Cardona*104-*
reported here are fo r  the cyc lo tro n  mass*104-* p erp e n d icu lar to the stre ss  
d ir e c t io n . The theory o f  Aspnes and Cardona*104-* p re d ic ts  a l in e a r  dependence,
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F IG . 8 .4  THE VARIATION OF THE EFFECTIVE MASS OF n-GaAs fo r  
UNIAXIAL STRESS APPLIED PARALLEL TO 111 DIRECTION. 
THE POINTS MARKED O WERE OBTAINED WITH INCREASING 
STRESS, THE POINT □ BEING OBTAINED ON REDUCING THE 
APPLIED STRESS TO ZERO.
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FIG , 8 .5  THE VARIATION OF THE EFFECTIVE MASS OF n-GaAs FOR
UNIAXIAL STRESS APPLIED PARALLEL TO 100 DIRECTION. 
THE POINTS MARKED •  WERE OBTAINED WITH INCREASING 
STRESS, THE POINT □ BEING OBTAINED ON REDUCING THE 
APPLIED STRESS TO ZERO.
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s t r e s s ,  reported here, are lim ite d  to on ly 7 k -b ar the general trend 
agrees with the r e s u lt s  o f P ic k e r in g  and Adams*10-*. The v a l id i t y  o f 
the a n a ly s is  o f (111) s t r e s s  r e s u lt s  o f P ic k e rin g  and Adams*10-* i s  
s e lf  evident because the va lu es o f  the energy se p ara tio n , A E (r l c ~Ll c ) =
0.29 (± 0 .0 5 )eV and the deform ation p o te n t ia ls  fo r  the (111) v a lle y s  o f
= 22(± 7)eV and (SE - a) = -11 (± 3 )eV agrees w e ll w ith the a lread y  
(9)reported measurementsv J o f the energy gap and w ith the deformation 
p o te n t ia ls  fo r  the (111) v a lle y s  in  Ge, GaSb*106-* .
The (100) s t re s s  r e s u lt s ,  on the other hand, poses d i f f i c u l t ie s
due to the controversy between d if fe r e n t  methods o f measurements as
mentioned in  the begin n ing o f  the Chapter. I t  i s  due to t h is  reason that
we concentrated on the ( 100) s t re s s  r e s u lt s  and analysed them in  d e t a i l .
C le a r ly  the (100) s t r e s s  r e s u lt s  shown in  F igure  8.3 are in  marked
(9)co n trast to the p revio us works o f H a rr is  et a l v and P ic k e r in g  and 
Adams*10-* which are a lso  shown fo r  comparison. No evidence was found o f 
the exponential in cre a se  in  re s is ta n c e  beyond 5 k -b a r , which has been 
a ttr ib u te d  to e le ctro n  tra n s fe r  to the descending X^c minimum. Any change 
in  in t r in s ic  r e s i s t i v i t y  must therefore  be explained e ith e r  by the change 
in  m o b ility  o f e le ctro n s  in  the F^c minimum o r the c a r r ie r  lo ss  to an 
im p urity  tra p . The p o s s ib i l i t y  o f  the ex istan ce  o f  an im p u rity  trap  in  
such a h igh  p u r it y  m a te ria l was ve ry  remote, however, i t  was a lso  looked 
at by m onitoring the H a ll  e f fe c t  as a fu nctio n  o f temperature in  some o f 
the samples used. No change in  the c a r r ie r  d e n sity  was observed down 
to 80K. The sm all in cre a se  in  re s is ta n c e , shown in  F ig u re  8 .3 , therefo re  
is  a ttr ib u te d  to the decrease in  m o b ility  due to the in cre a se  in  the 
e f fe c t iv e  mass of the e le c tro n s .
The measured change in  re s is ta n c e  with sample co n fig u ra tio n  o f 
F igu re  5 .11.b  i s  la r g e r  than the expected "k .p "  c a lc u la t io n s . I t  i s  
b e lieved  that t h is  i s  due to the s t re s s  dependent contact r e s is ta n c e s . 
Th is  i s ,  o f course, unimportant in  four term inal measurements except where
the la rg e  vo ltage  e le ctro d e s, which act l ik e  m e ta llic  is la n d s  p ro v id in g  
low re s is ta n c e  p aths, d is t o r t  the cu rren t flow . That the e ffe c t  i s  due 
to contact re s is ta n c e  changes i s  supported by the fa c t  that s im ila r  r e s u lt s  
are obtained when the re s is ta n c e  i s  sim ply monitored between two e lectro des 
u sin g  a K e ith le y  d ig i t a l  m ultim eter. The e f fe c t  o f the contact r e s is ta n c e , 
described above, can be m inim ised by reducing the s iz e  o f the vo lta ge  
e le ctro d e s, as in  F igu re  5 .1 1 .a and the e ffe c t  on the re s u lt s  w ith t h is  
sample co n fig u ra tio n  i s  obvious as shown in  F igure  8 .3 . Zeeman study 
experiments were performed u sin g  specimens o f va rio u s s iz e s  and aspect 
r a t io s  and, w ith in  experim ental e rro r , these produced e s s e n t ia l ly  the 
same r e s u lt s .  In  some samples measurements on the decreasing s t re s s  
cy c le  were a lso  t r ie d  and the r e s u lt s  shown in  F igu re s 8.4 and 8.5 do not 
d isp la y  any h y s te r e s is .  The r e s u lt s  o f F igu res 8.4 and 8.5 y ie ld ed  
e f fe c t iv e  mass change w ith  (100) s t re s s  o f 0.23 ± 0.06% k -b a r- 1 . Taking 
the extreme values in to  account the r e s i s t i v i t y  was ca lcu la te d  and the 
r e s u lt s  a f te r  c o rre c t in g  fo r  the sample dim ensional changes are a lso  
shown in  F igu re  8.3  by the shaded area. C le a r ly  the r e s u lt s  o f 
r e s i s t i v i t y  change w ith  s t re s s  f a l l  w ith in  the experim ental e rro r o f  the 
Zeeman study r e s u lt s .
I t  i s  o f co n sid erab le  in te r e s t  to co n sid er why H a r r is  et a l* 9  ^ and 
P ic k e r in g  and Adams*"**9 observed such a la rg e  in cre a se  in  re s is ta n c e  by 
beyond 5 k -b a r. The most l i k e l y  explanation  i s  th at the s t re s s  in  the 
a ctiv e  la y e r  was non-uniform . T h is  would c e r t a in ly  be true i f  there were 
any ap p reciab le  r ip p le s  on the su rfa ce  o f  the samples o r the a n v il faces 
which could not be f i l l e d  by the go ld  or Mylar la y e r . The sample su rfa ces 
were scanned under the e le ctro n  m iscroscope and the photographs o f both 
the upper and lower su rfa ce  o f a ty p ic a l GaAs sample used by P ic k e r in g  
and Adams***9 are shown in  F ig u re  8 . 6. A lso  shown, fo r  comparison, i s  
one o f the s i l i c o n  sample su rfa ce s which were used fo r  apparatus c a l ib r a t io n .  
I t  i s  c le a r  that the GaAs sample has ve ry  uneven su rfa ces as compared to
-147-
-148-
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UPPER SURFACE OF A TYPICAL GaAs SAMPLE USED EY PICKERING et a l .
(1 0)
LOWER SURFACE OF A TYPICAL GaAs SAMPLE USED BY PICKERING et a l .
FIG . 8.6 SURFACES OF A GaAs SAMPLE TO WICR  STRESS WAS APPLIED.
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UPPER SURFACE OF A SILICON SAMPLE USED FOR CALIBRATION OF 
THE UNIAXIAL STRESS APPARATUS.
LOWER SURFACE OF A SILICON SAMPLE USED FOR CALIBRATION OF 
THE UNIAXIAL STRESS APPARATUS.
FIG . 8.6 SURFACES OF SILICON SAMPLE TO WHICH STRESS WAS APPLIED,
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the s i l ic o n  sample su rfa c e s . The samples used in  th is  work were 
cleaned hydrochem ically  and then both s id e s , to which s tre s s  was to 
be ap p lied , were etched w ith  3H2S0 4 + 1H2°2 + t0 remove t *ie
cu tt in g  damage and su rfa ce  r ip p le s .  The p o s s ib i l i t y  o f  having r ip p le s  on 
the a n v il faces was a lso  in v e st ig a te d . The a n v ils  were p o lish e d  fo llo w in g  
the technique described in  Chapter 5. Then the su rfa ces were checked fo r  
f la tn e s s  by the microprobe a n a ly s is  and the r e s u lt s  are shown in  F igu re  
8 .7 . I t  i s  c le a r  that the su rfa ce s are reasonably f l a t ,  e s p e c ia l ly  in  
the middle o f the a n v i l ,  where the 0 .5  x 0.5  mm2 s iz e  samples were 
p o sitio n e d .
(9)Going back to the r e s u lt s  o f H a rr is  et a l v and P ic k e r in g  and 
Adams***^ and assuming that the exponential r e s i s t i v i t y  in cre a se , 
they observed, i s  indeed due to the approach o f  the and minima
XThen the - X^c se p aratio n  o f 0.48eV and the value o f  Eu fo r  GaAs
o f 8.0eV as in  s i l i c o n  im p lie s  that a pressure o f about 35 k -b a r was
reached over some areas o f  the c r y s t a l su rfa ce . T h is  i s  extrem ely
u n lik e ly  fo r  pure u n ia x ia l s t re s s  but perhaps the h igh  s tre s s  could be
withstood by sm all areas supported by the surrounded c r y s t a l and the
f r ic t io n  at the a n v il  in t e r fa c e .  The s tre s s  s itu a t io n  i s  then c lo s e r
to h y d ro sta tic  which causes T^c - X^c cro ss-o ver at 32 k~bar*749. Th is
is  c e r t a in ly  true in  the case o f  pancake sample co n fig u ra tio n  used by 
(9)H a rr is  et a l v . A v a r ia t io n  in  the r e la t iv e  magnitude o f  the h y d ro s ta tic  
and ( 100) u n ia x ia l s t re s s  components would a lso  e x p la in  the rath e r la rg e  
sc a tte r  in  the experim entsl r e s u lt s  from sample to sample and the 
d iffe re n ce s  between the works o f H a r r is  et a l* 9  ^ and P ic k e r in g  and 
Adams ***  ^ .
8 .9 . CONCLUSION
From the u n ia x ia l s t re s s  experim ents, described h ere, se ve ra l 
band stru ctu re  parameters fo r  GaAs have e ith e r  been confirmed or
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THE SURFACE OF THE UPPER ANVIL CHECKED FOR FLATNESS.
THE SURFACE OF THE LOWER ANVIL CHECKED FOR FLATNESS.
FIG. 8.7 SURFACES OF THE UPPER AND LOWER ANVILS AFTER 
BEING POLISHED.
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re v ise d  . Although i t  i s  very d i f f i c u l t  to a ssign  exact energy values 
to the L lc  and X^c v a lle y s  at atm ospheric pressure by the above study 
n eve rth e less i t  has confirmed T -L -X  band o rdering fo r  GaAs. T h is  study 
a lso  confirm s not on ly  the shear deformation p o te n tia ls  fo r  the ( 111) 
v a lle y s  o f 5k = 22 ± 7eV and (5^ -a) = -11 (± 3 )eV as obtained by 
P ick e rin g  and Adams*10-* but a lso  appear to reso lve  the anomously la rge  
value required fo r  the deform ation p o te n t ia l,  E , fo r  the ( 100) v a l le y s .
The c lo se  p ro x im ity  o f  the L^c and X ^  minima chosen by Vinson et a l* 6"* 
to produce best o v e ra ll f i t  to the h ig h - f ie ld  data was m ainly in flu e n ce d  
by the drop in  the thresh o ld  f i e ld ,  F^ fo r  the Gunn e f fe c t  due to sm all 
apparent (100) s t r e s s .  However, i f  as d iscussed  e a r l ie r ,  the load was 
h ig h ly  non-uniform  a much h igh e r L^c - X^c separation  would be accommodated 
s in ce  the threshold  would be governed by the h igh s tre s s  re g io n s. The 
value o f the deformation p o te n t ia l,  fo r  the (100) v a lle y s  in  GaAs, o f
EX = (21 ± 9)eV obtained by P ic k e r in g  and Adams*10"* must a lso  be re v ise d
vft:'.'' • ft-." V . , ♦». 
downwards to about 8eV as observed in  s i l ic o n .
The Zeeman experim ental data a lso  confirm s the s t re s s  r e s u lt s  and
i t  can be concluded that the change in  the e f fe c t iv e  mass in  the r,lc
conduction band o f GaAs i s  p ro p o rtio n a l to the ap p lied  s t r e s s .  The 
constants of p ro p o rt io n a lity  measured a r e :-
Am*
mo
Am*
m
-1(100) = (0 .23  ± 0 .06) % k -b a r
(111) = (0.075 ± 0.015) % k -b a r-1
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CHAPTER 9 
CONCLUSIONS AND RECOMMENDATIONS
High p ressure  measurements have been made on the e le c t r ic a l  
p ro p e rtie s o f  germanium and g a lliu m  arsen id e . The e le ctro n  m o b ility  
in  the L^c v a lle y s  o f germanium was found to va ry  from -  4000 cm2 v _1 s 1 
a t room temperature to  ^ 13,000 cm2 v _1 s ' 1 at 100 K corresponding to a 
T - 1 *5 temperature dependence. I t  was a lso  found that the L^c m o b ility  
i s  dominated by the a c o u st ic  deformation p o te n t ia l s c a t te r in g  throughout 
the above temperature range. The A^c m o b ility , on the other hand, was 
found to vary  from -  800 cm2 v -1 s -1 at room temperature to ~ 6400 
cm2 v _1 s " 1 at 120K corresponding to a T “2 *7 temperature dependence.
The A^c m o b ility  was found to be dominated by the in t e r v a lle y  s c a tte r in g  
in  the above temperature range.
A th e o re t ic a l model has been developed to analyse the above
experimental results. The validity of the above model was checked by
a n a lys in g  the L lc  m o b ility  r e s u lt s  which y ie ld e d  good agreement w ith
( 821a lready published r e s u lt s  o f Rode^ J fo r  germanium. The model was 
then, a f te r  s l ig h t  m o d ific a t io n s , used to analyse the A  ^ m o b ility .
The a n a ly s is  o f the A^c m o b ility  w ith the Fawcett and P a l g ' s ^ 9  ^
p re d icted  values o f the e f fe c t iv e  mass r a t io s  o f mt  = 0 .2 8 , m^  = 1.353 
and aco u stic  deform ation p o te n t ia l,  E^ = 3.61eV, gave in t e r v a lle y  
coupling constants as 3 .7  x 108eV cm-1 and 2.9 x 108eV cm-1 fo r  the 
430K-LO and 320 K-LA phonons re s p e c t iv e ly .
S in ce  the above a n a ly s is  i s  s e n s it iv e  to the e f fe c t iv e  mass va lu es 
i t  was t r ie d  to measure t h is  parameter in  the A^c or X^c minima u sin g  
germanium and g a lliu m  arse n id e . C le a r magneto-phonon o s c i l la t io n s  were 
observed to 22 k .b a r  in  GaAs above which the o s c i l la t io n s  become too 
n o isy  fo r  r e l ia b le  measurements and the r e s i s t i v i t y  s ta rte d  to in crease  
by orders o f magnitude. T h is  i s  in te rp re te d  as due to c a r r ie r  tra p  out
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to im p urity  le v e l below the X^c minima as a lread y reported by P it t  
f4)and Lees . Due to t h is  c a r r ie r  trap  out i t  was not p o ss ib le  to 
obtain  the ( I£ c - ^ i c) cro ss over which i s  b e lieved  to occur at 
32 k .b a r  and measure the magneto phonon o s c i l la t io n s  in  the X^c v a lle y s  
o f GaAs. In  the case o f germanium, although u ltra -p u re  m ateria l was 
used which remained in t r in s ic  even above L lc  - A^c cross over, i t  was 
not p o ss ib le  to measure the magneto phonon e f fe c t  w ith p re ssu re . The 
o s c i l la t io n s  were found to be extrem ely weak and they were masked by 
f lu c tu a t io n s  in  r e s i s t i v i t y  caused by the app lied  p re ssu re s. Never­
th e le s s , the pressure  e f fe c ts  on the u lt r a  pure germanium made i t  
p o ss ib le  to measure the pressure  c o e ff ic ie n ts  fo r  the Alc  minima 
independent o f  the band param eters. From the a n a ly s is  o f the n -typ e 
and u lt r a  pure germanium i t  i s  concluded that in  order to obtain  good 
agreement between theory and experim ental r e s u lt s  A^c minima e f fe c t iv e  
mass should be 50% h igh e r than the measured e f fe c t iv e  mass in  
s i l i c o n .  The measured pressure  c o e ff ic ie n t s  fo r  the L^c and A^c minima 
in  germanium a re : -
dET
= 4 .8  ± 0 .2  x 10-6 eV b a r -1
dEAAi
- jp —  = - 2.4 ± 0 . 4  x 10-6 eV b a r-1 .
The most s ig n if ic a n t  p o in t to note about these r e s u lt s  i s  the
la rg e  n egative  pressure c o e ff ic ie n t  fo r  the A  ^ minima. Camphausen 
et a l* 4'*9 , on the b a s is  o f Van Vechten’ s quantum d ie le c t r ic  theory*43-48-* 
were ab le to ob ta in  e x c e lle n t  agreement with the measured pressure 
c o e ff ic ie n t s  fo r  the I £ c and L^c minima w ith resp ect to the valence 
band. But the agreement was worse a t  the A  ^ or X^c p o in t where the
p re d icte d  value was v e ry  sm all or even o f the wrong s ig n .
Even by in c lu d in g  the io n ic i t y ,  as they suggested, would g ive  
pressure c o e ff ic ie n t s  fo r  the A  ^ or X^c minima in  the range*4*-*
o to - 1 x 10-6 eV b a r - 1 . The value o f  - 2.4 x 10~6eV b a r-1 
which we obtained in  an non io n ic  m ateria l i s  therefo re  s ig n if ic a n t  
and in d ic a te s  that Van Vechten’ s theory needs to be re v ise d  in  the 
l ig h t  o f most recent o p t ic a l measurements o f re la te d  band s t ru c tu re s .
The observed v a r ia t io n  o f  the F^c e f fe c t iv e  mass to 22 k .b a r gave
a good agreement w ith  the sim ple three band "k .p "  theory but the
(23 241agreement became worse when the recent refinem entsv } to the 
theory, in  which i t  i s  claim ed th at the h igher ly in g  minima must be 
taken in to  account, were considered. The u n c e rta in t ie s  in  these 
measurements are probably the absolute value o f  the pressure and the 
energy gap. The former has been achieved by c a l ib r a t in g  the pressure  
c e l l  as a fu n ctio n  o f  the load and comparing changes in  a v a r ie t y  o f  
semiconductor parameters w ith those observed u sin g  l iq u id  pressure  
tra n sm itt in g  media. The la t t e r  was derived from the measured pressure  
c o e ff ic ie n t  o f Welber et a l^ 1G^ . I t  would be fa r  b e tte r  i f  i t  were 
p o ss ib le  to measure d ir e c t ly  the energy gap as w e ll as e f fe c t iv e  mass 
u s in g  pressure as the dummy v a r ia b le . To t h is  end an o p t ic a l f ib r e  has 
been introduced in to  the system such that the photoconductive edge 
and the magneto phonon e f fe c t  could be measured sim u ltan eo u sly. The 
p re lim in a ry  r e s u lt s  seem to confirm  the above agreement w ith sim ple 
"k .p "  theory but needs fu rth e r  in v e s t ig a t io n .
The u n ia x ia l s t re s s  apparatus was m odified and the sample co n fig u ra tio n  
improved fo r  a more s u ita b le  four-probe measurement. The u n ia x ia l 
s tre s s  re s u lt s  confirm ed the F -L -X  band ordering fo r  GaAs a t atm ospheric 
p re ssu re . The a n a ly s is  o f the (100) s tre s s  r e s u lt s  have reso lve d  the 
d iscrep an cie s between the s tre s s  and e le c tro re fle c ta n c e  data and 
suggest that the la rg e  va lu e  o f  the shear deformation p o te n t ia l
x
= ( 2 1 ± 9 ) e V  must be re v ise d  downwards and should have a value 
in  l in e  w ith those observed fo r  s im ila r  m a te r ia ls .
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APPENDIX A 
DISTRIBUTION OF ELECTRONS IN UNIAXIALLY 
DEFORMED n-TYPE SILICON
The c o n d u c tiv ity  o f a c r y s t a l o f n-type S i  in  a <100> d ire c t io n ,
in  the absence o f s t r e s s ,  i s  given by
0 0 . o o o .
o q = ey^ + 2nt  eyt  ( A . l )
where n^, y^ and nt , y^ are the e le ctro n  d e n s it ie s  and m o b ilit ie s  in  
the e l l ip s o id s  p a r a l le l  to and perpend icu lar to the ( 100) a x is ,  
re s p e c t iv e ly . The r a t io  o f r e s i s t i v i t y  in  the presence o f a u n ia x ia l 
( 100) s t re s s  to that in  the absence o f s t re s s  i s  g iven  by
o o . o o o
!i = !° = 1 H  * ytp a  s s 0 s s (A .2)
0 s nz H  + 2nt pt
At 77K, s in ce  f - s c a t t e r in g  i s  n e g lig ib le  , = y . s and
o sFf. = Pt  , assuming no s ig n if ic a n t  d is to r t io n  o f the e l l ip s o id s .
Hence,
o „ oI<rps n j  + 2n t  K
po n j s + 2n t  SK
(A. 3)
o sFt Ft
where K = — — = — — i s  the m o b ility  an isotropy fa c to r .
S in ce  n^ . 0 = n^ ° ,  equation ( A .3) may be w ritten
P s  nz 0 (2K+1) °/n^ S)(2K+1)
Po nz s +2nt SK l+ 2K (n t  s/nz s )
Now, the to ta l number o f  e le ctro n s i s  given by
(A. 4)
N = n z S+2nt  s = 3n^ 0 (A .5)
Therefore,
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3n7 °  2n
1  = 1 + — i—  (A.6)s b
n7 I
From Boltzmann s t a t i s t i c s ,  the r e d is tr ib u t io n  o f e le ctro n s due to a 
s p l i t t in g  o f the <100> v a l le y s ,  AE, i s  given by
s
nt -AE
nl 5 B
exp (A. 7)
Therefore, from equations (A .6) and (A .7)
o
1 /-i . o -AE^ rA -  = j  ( 1+2exp jp p ) (A - 8)
n-, B
and equation (A .4) becomes
( 2K+1) ( l+ 2exp j^ |
_ J L  -  . . -___________________-___________________________________________  ( A  g -)
p -AE. 1 Jo 3(l+2Kexp£-y)
B
From equation ( 3 .8 ) ,
AE = Su (s n " s i 2 ) x 
Therefore, i f  K i s  known, a v a r ia t io n  o f ps w ith s t r e s s ,  X, may be
f it t e d  to equation (A .9) and a va lu e  o f  obtained. When the ap p lied
s t re s s  i s  h igh  enough (>> kgT), a l l  the e lectro n s w i l l  be tra n sfe rre d  to
the two e l l ip s o id s  p a r a l le l  to the s t re s s  d ire c t io n  and the r e s i s t i v i t y
s sw i l l  sa tu ra te . In  t h is  s itu a t io n , n^ = N and n^ = 0 .
Therefore from equation (A .2)
psa t (yZ ° +2ytH r ?  ±  (A. 10)
o Ny^ .
-  1 + 2 K  i n= • y  ( A .11)
Thus, the value o f K can be found from the sa tu ra tio n  value o f r e s i s t i v i t y
and inserted into equation (A.9).
The an isotropy fa c to r , K, w i l l  vary  from sample to sample s in ce  
i t  i s  given by
„  Mt Tt  mi
' H  ~ H  mt (A ' 12) 
where t^ , and m , m^  are the re la x a tio n  times and e f fe c t iv e  mass 
components re s p e c t iv e ly .  w i l l  depend on the r e la t iv e  stre n gth s
of the va rio u s s c a tte r in g  mechanisms.
APPENDIX B 
CALCULATIONS OF THE FERMI ENERGY
In  an in t r in s ic  semiconductor s in ce  the Fermi le v e l i s  w e ll away
from the band edges the Boltzmann s t a t i s t i c s  may be ap p lied  accord ing
to which the d e n sity  o f c a r r ie r s  in  the conduction and valence bands 
0at TK can be written as:-
E -E
n = Nc exp - [~ - ~ ] (B . 1)
B
and
E -E
p = Ny exp - (B .2 )
In  case o f  germanium, at room temperature there w i l l  be some 
e le ctro n s in  the A^c minima therefo re  equation ( B . l )  can be w ritte n  as:
E -E
nL = n cl exp - H h r i  (B-3)
E -E
n4 = nCa exP - (b.4)
Also fo r  an in t r in s ic  semiconductor
n = nL + nA = P (B*5)
Now s u b s t itu t in g  the va lu es o f  nL , nA and p from equations (B .2 ) ,  (6.. 3)
(£ .4 ) we get
V EF e a ' e f  V EV
n cl 6xp - + Nc& exp - [ v r ] = Nv exp - (B-6iB B B
D iv id in g  both s id e s o f  ( B .6) by Ny.
NCL rE L"E F1 NCA rEA~Bp rEF’ EV1N7  exp - +n7  eXP - = exP - h^ri
or
Nrr -E Ep Nr. -E. Ep
NT" [exP (^  x exP * 1 ^  + N^- *exP x exP =
and
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EFD iv id in g  both s id e s by exp we have
B
nc l  , e l  Nc& , ea , 2ef ,  ,ev ,
y  exP ( -  + y  exP c - = exP ( - i^ T 3 exP
Taking valence band as reference i.e. Ey = 0
Ncl r El i Nca t Ea ,  ^ 2Ep->jj—  exp C - y r )  + y  exP ( - -  exp ( - ^
or
or
-2Ep NrT E. N A Ear CL x L \ CA  ^ A  ^-j
k f  " “ l-N exp  ^ " F~T^ + N—  exp  ^ “ F T ^  ] B 1 1NV B NV B
F _ kBT 1r> rNCL EL NCA , EA ) ]  (B .7)
F " 2 ln  ^ Nv exp ( " kfiT  ^ + Ny exP ( " kgT
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APPENDIX C
EXPRESSION FOR THE INTRINSIC CARRIER DENSITY
The c a r r ie r  d e n s it ie s  in  d if fe r e n t  bands in  germanium can be 
w ritten  a s : -
E -E
nL = NCL exp * '  ' k ' T"J *C - 15B
E -E
nA = NCA exp * klr”* *C‘2')D
E -E
p = Ny exp [ - -^ T± ]  (C. 3)
For an in t r in s ic  m a te ria l i t  i s  p o ss ib le  to w rite
n? = n x p1 F
ni  = (nL + V  x  P *c -43
From the equations ( C . l ) ,  (C .2 ) ,  (C .3 ) and (C .4) we can w rite :
9 V EF ea-E p E -E v
ni  = * NCL exp * " k T  ^+ NCA exp * " kDT •*  ^ NV 6Xp ( " T T *B B B
E -E E -E
ni  = NCL NV exp * “ "k_T  ^ + NCA NV exp * " l / *B B
Taking = 0
E E |
ni  = n = P *nc l  NV exp * " O F*  + NCA NV eXp *~ kTT-*-*B B
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APPENDIX D 
CALCULATION OF EXTRINSIC CARRIERS
For a mixed conductor obeying c la s s ic a l  s t a t is t i c s  the 
e le c t r ic a l  c o n d u c t iv ity  and the H a ll c o e f f ic ie n t  can be expressed
a = n e yn + p e yp ( D . l)
R — it nc ~ p /-j.
H _ ~ 8e ( .o(nc + p ) z
y
Where c = —  , the r a t io  o f e le ctro n  and hole m o b ilit ie s .
P
and n, p are th e ir  d e n s it ie s  re s p e c t iv e ly .
At t ra n s it io n  temperature the H a ll c o e f f ic ie n t ,  R^ = 0, therefore  
equation (D.2) becomes
nc2 - p = 0 (D. 3)
By so lv in g  equations ( D . l)  and (D.3) sim ultaneously one can f in d  the 
d e n s it ie s  o f e le c tro n s , n , and h o le s , p, provided th e ir  m o b ilit ie s  are 
known. The m o b ility  of e le c tro n s , yn , and the m o b ility  o f  h o le s, y^, 
a t  the t ra n s it io n  temperature could be found from the experim ental r e s u lt s  
o f Morin and M aita^102  ^ represented in  F igure  7 .4 . So by m onitoring 
the r e s i s t i v i t y  and H a ll  c o e f f ic ie n t  as a fu n ctio n  o f  temperature, the 
t ra n s it io n  temperature was found and then by so lv in g  equations ( D . l)  and 
(D.3) the c a r r ie r  d e n s it ie s  i . e .  n and p ,co u ld  be found. The d iffe re n c e  
between d e n s it ie s  o f e le ctro n s  and holes would g ive  the e x t r in s ic  
c a r r ie r s .
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APPENDIX E
EFFECTS OF THE SAMPLE DIMENSIONAL CHANGES 
ON R E S IST IV ITY
The re s is ta n c e  o f  a sample i s  given by
R = ( E . l )
where p, I and A are the r e s i s t i v i t y ,  length and area o f the sample 
re s p e c t iv e ly , 
or AR = p1
D iffe re n t ia t in g  we get
a dR D dA _ d£ 7 dpA ax + R H 7 _ p H5r+I'Hx
D iv id in g  throughout by pi 
1 dR 1 dA _ 1 dl 1 dp
r a5T + Aa5r-rH5T+ pH3r
or
1 dp _ 1 dR 1 dA I d  I
F H 7 '  IT Hx" A 3x '  T  3x
Hence the change in  r e s i s t i v i t y  due to sample dimensions changes 
could become
l_dp_= l_ d A _ 3 L dZ. 
p dx A dx I dx
Thus the change in  r e s i s t i v i t y  could be c a lc u la te d  provided we know 
how the length  and the area o f the sample changes w ith  s tre s s  which 
could be ca lcu la te d  from the Young’s modulus.
The Young's modulus can be defined as 
1 STRAIN
e " St r e s s
T h is  expressio n  in  terms o f e la s t ic  compliance constants in  the 
d ire c t io n  o f  u n it  v e c to r, fo r  a cu b ic c r y s t a l ,  can be w ritte n  as*112-*:
F ” S11 *sll " s 12 ~ 2 s44-* *71 l2 + l2 l\ + *E*3)
Since in  cu b ic c r y s t a ls  Young’ s modulus i s  not is o t r o p ic .  The
v a r ia t io n  with d ire c t io n  depends on the fa c to r  (Z^ Z^ + Z| Z^ + Z| Z^) . 
T h is  fa c to r  i s  zero fo r  the (100) d ire c t io n s  and has i t s  maximum value 
o f ^  in  the ( 111) d ire c t io n s .
Now volume is  g iven by 
V = A x Z
or
ftV _ A d £ + -dA
dx dx 33c
D iv id in g  both s id e s  by A x Z
1 dV _ 1 dZ 1 dA
V 3x “ Z 3 x  A 3 x
1 dA 1 dV 1 dZ
o r AT 35T “ V 3x “ T  35c
AA. - (AV _ x STRESS
Now change in  volume i s  independent o f the s t re s s  d ire c t io n  and could 
be w ritte n  as^112^
(sll + 2s12) x stress (E.5)
So the s tre s s  induced changes in  the len gth , volume and the
area o f the sample could be c a lc u la te d  by u sin g  equations (E .3 ) ,  (E .4 ) 
(E .5 ) and the compliance co n stan ts.
The compliance constants fo r  GaAs are 
su  = 1.173 x 10“6 b a r " 1 
s12 = -0.366 x 10"6 b a r-1 
s44 = x b a r -1
(a) (100) S tre ss
For (100) s t re s s  equation (E .3 ) reduces to
ET = S11 
AZor - 5 x s t re s s
= 1.173 x 10" 6 x 5 x 103
y *  = 5.865 x 10" 3 ( fo r  5 k .b a r)
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From equation (E .5 ) the change in  volume fo r 5 k .b a r  becomes
= 2.205 x 10“ 3 (E .7 )
Now from ( E .4 ) ,  ( E .6) and (E .7 ) we have
^  = (2.205 x 10-3 - 5.865 x 10-3 )
jp = - 3.66 x 10"3 (E.8)
S u b s t itu t in g  equation (E.8), ( E .6) in  equation (E .2 ) we get the
change in  r e s i s t i v i t y  up to 5 k .b a r  as
*£.= ( -  3.66 x 10~3 - 5.865 x 10"3)
P
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= 9.525 x 10" 3
= 0.95% fo r  5 k .b a r  
P
(b) (111) S tre ss
For (111) s tre s s  equation (E .3 ) becomes
1 2  1 
E = S 11 T  *s l l  “ s 12 * 2 s 44-*
or (7.083 x 10“7) x STRESS
So the change in  length  fo r  5 k .b a r  becomes
= 7.083 x 10~7 x 5 x 103 = 3.542 x 10~3 (E .9 )
From equations ( E .4 ) ,  (E .7 ) and (E .9 ) we have
~  = (2.205 x 10~3 - 3.542 x 10“ 3)
= - 1.337 x 10- 3 (E .10)
S u b s t itu t in g  equations ( E .9 ) ,  (E.10) in  equation (E .2 ) we 
get the change in  r e s i s t i v i t y  fo r  5 k .b a r  as
= - 1.337 x 10~3 - 3.542 x 10" 3
P
= -  4.879 x 10"3
^  = 0.5% fo r 5 k .b a r  
P
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